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ABSTRACT
We present an in-depth study of surface brightness fluctuations (SBFs) in low-luminosity stellar
systems. Using the MIST models, we compute theoretical predictions for absolute SBF magnitudes in
the LSST, HST, and proposed WFIRST filter systems. We compare our calculations to the observed
SBF magnitudes of dwarf galaxies that have independent distance measurements from the tip of the red
giant branch method. Consistent with previous studies, we find that single-age population models show
excellent agreement with the observed SBF-color relation of low-mass galaxies with 0.5 . g − i . 0.9.
For bluer galaxies, the observed relation is better fit by models with composite stellar populations.
To study SBF recovery from low-luminosity galaxies, we perform detailed image simulations in which
we inject fully populated model galaxies into deep ground-based images from real observations. We
demonstrate that measurements of SBF magnitudes from these simulated data correspond to the
theoretical values with negligible bias (. 0.01 mag). We then use the simulations to show that LSST
will provide data of sufficient quality and depth to measure SBF distances with precisions of ∼10-20%
to ultra-faint
(
104 ≤ M?/M ≤ 105
)
and low-mass classical (≤ 107 M) dwarf galaxies out to ∼4 Mpc
and ∼25 Mpc, respectively, within the first few years of its deep-wide-fast survey. Many systematic
uncertainties remain, including an irreducible “sampling scatter” in the SBFs of ultra-faint dwarfs due
to their undersampled stellar mass functions. We nonetheless conclude that SBFs in the new generation
of wide-field imaging surveys have the potential to play a critical role in the efficient confirmation and
characterization of dwarf galaxies in the nearby universe.
Keywords: keywords — galaxies: dwarf — galaxies: distances and redshifts — galaxies: stellar content
1. INTRODUCTION
Current and future generations of imaging surveys—
which are simultaneously wide, deep, and sharp—will
uncover thousands of diffuse dwarf galaxy candidates
beyond the Local Group (e.g., Mu¨ller et al. 2017; Bennet
et al. 2017; Greco et al. 2018; Zaritsky et al. 2019; Carl-
sten et al. 2019b; Prole et al. 2019). Reliable distances
will be required to confirm the nature of these candidates
and to study their numbers and physical properties as a
function of environment. Unfortunately, measuring pre-
cise distances to low surface brightness (LSB) objects
is extremely difficult and time consuming, especially for
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quenched spheroidal systems that lack emission lines
for measuring redshifts (e.g., van Dokkum et al. 2015;
Kadowaki et al. 2017; Gu et al. 2018).
Even if redshift measurements are feasible, there re-
mains an enormous LSB discovery space within the Local
Volume (.10 Mpc; Danieli et al. 2018), where redshift-
based distances are highly uncertain due to the local
peculiar velocity field. It is, therefore, important and
timely to study velocity-independent distance indicators
in the ultra-LSB dwarf galaxy regime (e.g., van Dokkum
et al. 2018; Trujillo et al. 2019; Danieli et al. 2019a). Af-
ter trigonometric parallax distances, robustly calibrated
standard candles (and rulers) are the gold standard for
measuring metric distances (Jacoby et al. 1992; Beaton
et al. 2018), the most important of which have been
variable stars along the instability strip (Leavitt & Pick-
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Mean i-band surface brightness = 24 mag arcsec−2 in all panels
Figure 1. Illustration of the decreasing amplitude of SBFs as a function of distance, at fixed surface brightness. Each panel
shows a gri-composite image of an LSB simple stellar population of intermediate age and mean i-band surface brightness 24 mag
arcsec−2. The simulations assume a ground-based observatory with 0.′′6 seeing and a pixel scale of 0.′′2 pixel−1. The text box in
each panel lists the number of stars per resolution element (Ω) for stars that are on the main sequence (MS), red giant branch
(RGB), core helium burning (CHeB) phase, and asymptotic giant branch (AGB). The images are 500 pixels on a side.
ering 1912; Freedman et al. 2001) and the tip of the red
giant branch (Lee et al. 1993; Madore & Freedman 1995).
While these methods have been essential for establishing
the cosmic distance ladder, they require the detection of
individual stars, which significantly limits the range of
distances that they can probe from the ground.
Surface brightness fluctuations (SBFs) provide a
method for measuring distances to semi-resolved galaxies
using imaging data alone, making it one of the most
promising tools for confirming and studying dwarf galax-
ies with current and future wide-field imaging surveys.
Tonry & Schneider (1988) first established the theoreti-
cal framework for SBFs and demonstrated the feasibility
of determining extragalactic distances through careful
analysis of ground-based imaging.
In essence, the SBF method takes advantage of the
discrete nature of stellar systems. The stochasticity in
the number of stars within each resolution element of
a galaxy image leads to pixel-to-pixel brightness fluc-
tuations, which have a variance that decreases as the
square of the galaxy’s distance. Figure 1 illustrates the
appearance of SBFs as a function of distance for a simple
stellar population of intermediate age and mean surface
brightness 24 mag arcsec−2. The simulations assume a
ground-based observatory with 0.′′6 seeing. The text box
in each panel lists the number of stars per resolution ele-
ment for various phases of stellar evolution. At 0.5 Mpc,
individual giant stars are visible, with 0.11 red giant
branch (RGB) stars per resolution element. In contrast,
the same population at 8 Mpc has 27.8 RGB stars per
resolution element, reducing the pixel-to-pixel variance
in surface brightness by a factor of ∼250.
In the decades that followed the seminal work of Tonry
& Schneider (1988), enormous effort has been devoted
to developing the SBF method and applying it to early-
type systems and spiral bulges from the ground (e.g.,
Tonry et al. 1990a, 1997, 2001) and space (e.g., Cantiello
et al. 2007; Blakeslee et al. 2009, 2010; Jensen et al.
2015). There has also been considerable work on SBFs
in early-type dwarfs (e.g., Jerjen et al. 1998, 2000, 2001;
Mieske et al. 2003; Cantiello et al. 2018). More recently,
SBF distance measurements have been obtained for ultra-
LSB dwarfs using both space- and ground-based imaging
(Cohen et al. 2018; van Dokkum et al. 2018; Carlsten
et al. 2019a).
The significant limitation of this method is that the
amplitude of luminosity fluctuations in a galaxy depends
sensitively on its underlying stellar population. This effect
is generally accounted for using the correlation between
the SBF signal and integrated color (Tonry et al. 1989)—
the so-called fluctuation-color relation. Decades of effort
have been devoted to calibrating this relation, which
would make SBFs a primary distance indicator, using
both stellar population synthesis (e.g., Worthey 1993;
Buzzoni 1993; Liu et al. 2000; Cantiello et al. 2003) and
empirical methods (e.g., Tonry et al. 1997; Blakeslee et al.
2009; Cantiello et al. 2018). This dependence on stellar
population parameters can also be seen as a strength of
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the SBF method, as it provides additional stellar pop-
ulation information that complements integrated light
measurements (e.g., Cantiello et al. 2007; Lee et al. 2010a;
Conroy & van Dokkum 2016; Cook et al. 2019).
Although SBFs have most often been measured in early-
type systems in dense environments, much bluer systems
are also observed to follow a fluctuation-color relation
(e.g., Jerjen et al. 2001; Rekola et al. 2005). The challenge
with low-mass blue systems is that they are generally
young and actively forming stars, and since young stars
tend to cluster, such systems may break the fundamental
assumption of the SBF method that the stars are Poisson
distributed. Nevertheless, if regions in a blue galaxy can
be isolated that are apparently free of star-forming lumps,
it is still possible to use SBFs to constrain its distance
and stellar population. Indeed, Carlsten et al. (2019a)
used archival Canada-France-Hawaii Telescope (CFHT)
imaging of dwarf galaxies with tip of the RGB distances
to extend the fluctuation-color relation to dwarf galaxies
with colors as blue as g − i ∼ 0.3.
With new and upcoming ground-based imaging sur-
veys such as the Dark Energy Survey (Dark Energy
Survey Collaboration et al. 2016), the Hyper Suprime-
Cam Subaru Strategic Program (Aihara et al. 2018), and
ultimately the Legacy Survey of Space and Time (LSST;
Ivezic´ et al. 2008; Ivezic´ et al. 2019) with the Rubin
Observatory, we are entering a new era for ground-based
SBF measurements. From space, the Wide Field Infrared
Survey Telescope (WFIRST; Spergel et al. 2015) will
provide HST-quality imaging in the infrared over large
areas of the sky, significantly increasing the number of
systems for which it will be possible to measure accu-
rate distances and study stellar populations in both the
resolved and semi-resolved regimes.
In this work, we study SBFs in theory and in practice,
with a particular emphasis on low-luminosity stellar sys-
tems. The paper is organized as follows. In Section 2,
we describe our procedure for generating synthetic stel-
lar populations and modeling their luminosity fluctua-
tions, and we present new theoretical predictions for the
fluctuation-color relation for simple stellar populations
(SSPs) in the LSST, HST, and WFIRST filter systems.
In Section 3, we compare our models with observations
of dwarf galaxies that have independently-measured dis-
tances. In Section 4, we describe our image simulations,
which we use in Section 5 to study the feasibility of mea-
suring SBFs in low-luminosity galaxies with LSST-like
data. In Section 6, we present the limiting SBF distance,
as a function of galaxy stellar mass, that can be reached
using images that are comparable to what is expected
for 2-year LSST stacks. Finally, we conclude with a brief
summary in Section 7.
2. MODELING LUMINOSITY FLUCTUATIONS
2.1. Stellar Population Generation
We adopt the stellar isochrones from the Modules for
Experiments in Stellar Astrophysics (MESA; Paxton et al.
2011, 2013, 2015) Isochrones and Stellar Tracks (MIST)
project1 (Choi et al. 2016; Dotter 2016). Specifically, we
use version 1.2 of the rotating models with v/vcrit = 0.4.
We restrict our calculations to age and metallicity ranges
of 8 ≤ log(Age/yr) ≤ 10.15 and −2.5 ≤ [Fe/H] ≤ 0,
respectively. We are currently limited to models with
solar-scaled abundance ratios but plan to explore SBFs
with non-solar-scaled models in the future.
Since rare, luminous stars dominate the SBF signal
(see Section 2.3), the treatment of post-main sequence
evolution is especially important for modeling luminos-
ity fluctuations (e.g., Cantiello et al. 2003). In MIST,
advanced stages of stellar evolution are empirically cali-
brated to match a number of observations. Of particular
importance for evolution along the RGB and asymptotic
giant branch (AGB), mass loss is calibrated to match the
observed initialfinal mass relation, the AGB luminosity
function in the Magellanic Clouds, and asteroseismic
measurements from cluster members in the Kepler fields.
To generate single-burst stellar populations, we assume
the initial mass function from Kroupa (2001), with a
minimum mass of 0.1 M and maximum masses set
by the MIST isochrones for each combination of age
and metallicity. This choice is not crucial, however, as
previous work has shown that the SBF signal is relatively
insensitive to changes in the mass function (Worthey
1993; Blakeslee et al. 2001; Cantiello et al. 2003). Given
a set of initial masses, we then linearly interpolate the
MIST isochrones to predict stellar magnitudes. For our
fiducial calculations, we adopt the filter systems of LSST
(ugrizy), HST ACS/WFC, and WFIRST (Spergel et al.
2015), which represent the most important current and
future observatories for measuring SBFs from the ground
and space. All magnitudes presented in this paper are in
the AB magnitude system (Oke & Gunn 1983).
2.2. Identifying Stellar Evolutionary Phases
Throughout this work, we label phases of stellar evo-
lution according to the MIST primary equivalent evolu-
tionary phases (EEPs; Dotter 2016; Choi et al. 2016),
which are physically-defined reference points that can
be identified across a full set of stellar evolution tracks.
While this is very useful from a computational point of
view, it means that in some cases our terminology will
differ from standard nomenclature.
1 http://waps.cfa.harvard.edu/MIST
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Figure 2. Fraction of the integrated flux (circles) and the SBF signal (triangles) contributed by the main sequence (MS), red
giant branch (RGB), core helium burning stars (CHeB), early asymptotic giant branch (EAGB), and the thermally pulsating
asymptotic giant branch (TPAGB) for a 105 M SSP. The age of the SSP increases from left to right and is indicated at the top
of each column. The metallicity of each row is indicated on the right. The top (bottom) two rows show the signal fractions in the
LSST i-band (g-band). The error bars show the 1σ width of 1000 realizations of the SSP, where the median values are consistent
with an SSP that fully samples the mass function (see Section 2.6). For a 106 M SSP, all error bars would be comparable to
the symbol sizes. The phase of stellar evolution that dominates the integrated flux and SBF signals is a strong function of age,
metallicity, and observation bandpass. The RGB dominates the SBF signal in old populations regardless of metallicity, but for
young to intermediate ages, the dominant source of fluctuations varies strongly with metallicity and bandpass, spanning all
phases of stellar evolution. See Section 2.2 for a note about how we label stellar evolutionary phases.
For example, we classify RGB stars as having a MIST
EEP number between the terminal age main sequence
(EEP = 454) and the tip of the RGB (EEP = 605). Phys-
ically, this corresponds to the evolutionary phase between
hydrogen exhaustion and core helium burning (CHeB),
regardless of initial stellar mass. This makes it possible
to identify an RGB phase for high-mass stars, which do
not go through a “red giant” phase in the traditional
sense. Additionally, the subgiant branch is part of the
RGB in this framework. Similarly, the AGB corresponds
to the post-CHeB evolutionary phase. Unless explicitly
noted, we use the term AGB to refer to the combination
of the early and thermally-pulsating phases of the AGB.
2.3. The SBF Signal
The SBF signal is traditionally quantified by the ratio
of the second moment to the first moment of the stellar
luminosity function (Tonry & Schneider 1988):
L =
∑
j njL
2
j∑
j njLj
, (1)
where nj is the number of stars of type j with luminosity
Lj . Equivalently, L may be viewed as the luminosity-
weighted mean luminosity of a population of stars. The
corresponding absolute and apparent fluctuation mag-
nitudes of L are M and m, respectively. As noted by
Blakeslee et al. (2001), L is well-defined for any popula-
tion of stars in any bandpass.
As is clear from Equation (1), the SBF signal is a
function of the underlying stellar population. In general,
the most luminous (and hence rare) stars contribute most
to the fluctuation signal, and the specific stellar phase
that dominates is a strong function of age, metallicity,
and the observation bandpass (e.g., Liu et al. 2000). To
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Figure 3. Top: Fraction of LSST g- (blue) and i-band (or-
ange) luminosity fluctuations contributed by RGB, AGB, and
CHeB stars as a function of g−i color and age. See Section 2.2
for a note about how we label stellar evolutionary phases.
Calculations are for an SSP with [Fe/H] = −1.5. With the
metallicity fixed, the ages indicated by the ticks on the top
axis map directly onto the color on the bottom axis. Bottom:
The ratio of the number of stars in the evolved phases shown
in the top panel to the number of main sequence stars.
illustrate this point, Figure 2 shows the contribution
of stars in different phases of evolution to the LSST g-
and i-band integrated flux and SBF signals for SSPs of
varying age and metallicity.
The SSPs each have a stellar mass of 105 M, and the
error bars show the 1σ spread in signal fractions from
1000 realizations. The spread is due to incompletely sam-
pling the mass function, which we discuss in Section 2.6.
The median values of the data points are consistent
with an SSP that fully samples the mass function. For a
106 M SSP, all error bars are comparable in size to the
symbol sizes.
The i-band fluctuation is always dominated by post-
main sequence stars. In contrast, ∼20-60% of the i-band
integrated flux originates from the main sequence (MS),
regardless of age and metallicity. RGB stars are often
named as the dominant source of SBFs, but this is only
true for stellar populations with log(Age/yr) & 9.5. At
younger ages, AGB stars are important contributors to
the SBF signal, with significant stochasticity in their
contribution for low-mass stellar systems due to the
short-lived and luminous nature of this phase of stellar
evolution. The age at which the RGB begins to contribute
SBFs is a function of metallicity, with RGB stars in
more metal poor systems contributing significant SBFs at
younger ages. At very young ages, CHeB stars contribute
significantly (&20%) to both the i-band integrated flux
and SBF signal.
In the bottom two rows of Figure 2, the g-band sig-
nal fractions show very different behavior from those
of the i-band, particularly at early times. For ages
log(Age/yr) . 9.5, the phases that dominate the g-band
signal fractions are highly sensitive to metallicity. This
is especially clear for the MS SBF signal fraction in the
youngest age column, where the MS contributes &70%
at high metallicity and ∼0% at low metallicity. At 1 Gyr,
those fractions become &40% at high metallicity and
∼0% at low metallicity. At [Fe/H] = −1.5, CHeB stars
produce &80% of the SBFs and ∼50% of the integrated
flux in very young SSPs. The reason for this trend with
metallicity is that the CHeB stars become hotter and
more luminous as the metal content decreases due a lower
Rosseland mean opacity (e.g., Choi et al. 2016), leading
to their larger contribution to both the integrated flux
and SBF signals.
For a metal-poor stellar population, at what age —
or equivalently, color — does the RGB become a sub-
dominant contributor to the SBF signal? At this tran-
sition color, we might expect an inflection point in the
fluctuation-color relation. We explore this question in
the top panel of Figure 3, which shows the LSST g-
and i-band SBFs contributed by RGB, AGB (which in-
cludes both early and thermally-pulsating AGB stars),
and CHeB stars for an SSP with [Fe/H] = −1.5, plotted
as a function of g − i color and age. The bottom panel
shows the relative number of stars in each of the phases
shown in the top panel compared to the number of main
sequence stars. For colors redward of g − i ∼ 0.5, RGB
stars dominate the fluctuations. In contrast, SBFs from
bluer populations begin to be dominated by AGB and
CHeB stars, with the relative fractions depending on
bandpass and metallicity. The g-band fluctuation mag-
nitude in particular is an excellent probe of CHeB stars
for SSPs with g − i < 0.4.
In contrast to the i-band, AGB stars generally do not
contribute much to the g-band signals, leading to far
less scatter between SSP realizations in this bluer band.
Similar to the i-band, the RGB dominates g-band SBF at
the oldest ages, though CHeB stars become important g-
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Figure 4. Absolute SBF magnitudes
(
M
)
in the LSST ugrizy filter system as a function of metallicity (left), age (middle), and
g − i color (right). All calculations assume simple stellar populations (SSPs) with the indicated ages and metallicities. The SSPs
span an age and metallicity range of 8 ≤ log(Age/yr) ≤ 10.15 and −2.5 ≤ [Fe/H] ≤ 0, respectively. In general, M becomes fainter
with decreasing wavelength, and SBFs from older SSPs in redder bandpasses have a weaker dependence on metallicity, making
them best suited as distance indicators. In contrast, u-band SBF is an excellent metallicity tracer, with little age dependence for
ages & 3 Gyr, though its intrinsic faintness and the u-band’s poor filter throughput make it difficult to observe in practice.
band SBF contributors in old SSPs with high metallicity,
as can be seen in Figure 2.
Figure 2 and 3 illustrate the well-known idea that,
in principle, it is possible to use SBFs to isolate and
study specific phases of stellar evolution in semi-resolved
galaxies (e.g., Lee et al. 2010b; van Dokkum & Conroy
2014; Conroy & van Dokkum 2016; Mitzkus et al. 2018;
Cook et al. 2019), provided the system is relatively simple
both in terms of its stellar population and morphology.
The results in this section are qualitatively consistent
with previous work (e.g., Worthey 1993; Liu et al. 2000;
Blakeslee et al. 2001; Cantiello et al. 2003), but because
we are interested in low-luminosity galaxies with a wide
range of physical properties, we have explored a wider
range of SSP parameters and stellar evolutionary phases
than has previously been necessary.
2.4. The Fluctuation-Color Relation
Here, we present the MIST predictions for absolute
fluctuation magnitudes (M) and their dependence on SSP
parameters for ground- (LSST) and space-based (HST
and WFIRST) observatories. In order to convert apparent
fluctuation magnitudes into absolute units, information
about the underlying stellar population is necessary. This
is usually parametrized using galaxy colors, since for
old SSPs (&5 Gyr), M is an approximately linear or
constant function of integrated color, depending on the
bandpass (e.g., Tonry 1991; Blakeslee et al. 2001). The
“fluctuation-color relation” must be calibrated empirically
with systems of known distance (e.g., Tonry et al. 1997;
Blakeslee et al. 2010; Jerjen et al. 2001; Carlsten et al.
2019a) or theoretically using stellar populations synthesis
(e.g., Worthey 1993; Liu et al. 2000; Cantiello et al. 2003;
Raimondo et al. 2005).
In Figure 4, we show absolute fluctuation magnitudes
in the LSST ugrizy filter system as a function of metal-
licity, age, and g − i color. The data for this figure are
in Table 2. As previous studies have shown, the fluc-
tuation magnitude generally brightens with increasing
bandpass wavelength, regardless of the stellar population
parameters. This trend is due to the increasing contri-
bution of giant stars to the fluctuation signal in redder
bandpasses (see Figure 2). Consistent with observations,
the signal becomes fainter as the metallicity increases
for wavelengths blueward of ∼1 µm, and the amplitude
of this trend decreases with increasing wavelength. As
first predicted by Worthey (1993), the SBF signal from
old SSPs in the y-band, which falls between ∼0.8 µm
and 1.2 µm, is roughly independent of metallicity (color),
making it a promising distance indicator.
At the other end of the spectrum, the u-band has a
steep metallicity dependence and a very weak age depen-
dence for SSPs that are older than ∼3 Gyr. Although
SBFs in the u-band are exceedingly difficult to observe in
sbf distances to low-luminosity galaxies 7
−2 −1 0 1
[Fe/H]
−4
−3
−2
−1
0
1
2
3
M
F435W
F475W
F555W
F606W
F814W
HST
Age [Gyr]
14
3
8 9 10
log(Age/yr)
[Fe/H]
−1.5
0
0.25 0.50 0.75 1.00 1.25
F475W − F814W
Blakeslee et al. 2010
Age [Gyr]
14
3
−2 −1 0 1
[Fe/H]
−6
−5
−4
−3
−2
−1
0
1
2
M
R062
Z087
Y106
J129
H158
F184
WFIRST
Age [Gyr]
14
3
8 9 10
log(Age/yr)
[Fe/H]
−1.5
0
−0.2 0.0 0.2 0.4
Y106 − F184
−2.5 ≤ [Fe/H] ≤ 0
Age [Gyr]
14
3
Figure 5. Same as Figure 4 except for the HST ACS/WFC (top row) and WFIRST (bottom row) filter systems. In the right
panel of the top row, the solid black line shows the empirical calibration of from Blakeslee et al. (2010); the gray shaded region
indicates the 1σ uncertainties in the fit, and the dotted black line is an extrapolation of the calibration.
practice due to their intrinsic faintness and the u-band’s
poor filter throughput, they have great potential as a
stellar metallicity tracer, as well as a general probe of
stellar populations. This was previously pointed out by
Cantiello et al. (2003) for the Johnson-Cousins U - and
B-band.
In the top panel of Figure 5, we show absolute fluctu-
ation magnitudes in the HST ACS/WFC filter system
as a function of metallicity, age, and F475W − F814W
color. The ranges of age and metallicity are the same
as in Figure 4. The trends between bandpass and stel-
lar population parameters are qualitatively similar to
the LSST predictions. Extensive work has been done on
empirically and theoretically calibrating the fluctuation-
color relation in the HST filter system, with a particular
focus on stellar populations that are similar to early-type
galaxies in groups and clusters (e.g., Blakeslee et al. 2001;
Cantiello et al. 2003).
The solid black line in the top-right panel shows the
F814W SBF vs. F475W − F814W color empirical calibra-
tion from Blakeslee et al. (2010), which is approximately
linear in the color range 1.06 < F475W − F814W < 1.32.
The dotted black line shows the linear extrapolation of
this calibration, with the 1σ uncertainties indicated by
the gray shaded region. The zero point of the MIST
relation is in good agreement with the empirical calibra-
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tion, but the slope of the model prediction is slightly
steeper within this color range — a qualitatively similar
discrepancy is seen in the model comparison in Figure 6
of Blakeslee et al. (2010). The generally good agreement
between the model and observations is consistent with
the calibration systems being composed of old, relatively
simple stellar populations, as expected.
With the resolution of HST but 100× the field of
view, WFIRST has the potential to become our most
powerful SBF observatory. Importantly, WFIRST’s pro-
posed infrared filter set has four filters in the wavelength
range 1 - 2 µm, and SBFs are much brighter at infrared
wavelengths than at optical wavelengths (Worthey 1993).
Infrared SBFs have long been recognized as a way to
extend the reach of the SBF method from the ground
(Jensen et al. 1998) and space (Jensen et al. 2003). For
bright elliptical galaxies, Jensen et al. (2015) showed that
it is possible to measure ∼5% distances out to ∼80 Mpc
using a single-orbit observation with the Wide Field
Camera 3 Infrared Channel on HST.
In the bottom panel of Figure 5, we show the SBF pre-
dictions for the proposed WFIRST filter set. As expected
from previous work, the fluctuation magnitude bright-
ens with increasing metallicity for wavelengths &1 µm.
Similar to the LSST’s y-band, the Y106 SBF signal is
nearly independent of metallicity for old SSPs. For the
reddest filters, the fluctuation magnitude can be as much
as ∼4-5 magnitudes brighter than the corresponding op-
tical signal. However, the metallicity dependence steadily
steepens for filters redward of 1 µm, which is a challenge
for calibrating infrared SBFs as a distance indicator. We
provide HST and WFIRST fluctuation magnitudes and
mean magnitudes for color calculations in Table 3 and
Table 4, respectively.
2.5. Isochrone Comparison
Many theoretical SBF predictions exist in the litera-
ture, which make different assumptions about important
and often uncertain aspects of stellar evolution such as
the treatment of mass loss along the RGB and AGB
(e.g., Blakeslee et al. 2001; Cantiello et al. 2003; Rai-
mondo et al. 2005; Raimondo 2009; Gonza´lez-Lo´pezlira
et al. 2010). However, the large number of assumptions
and input parameters required to run stellar population
synthesis codes (e.g., Conroy 2013) makes it difficult to
directly compare different model predictions.
To compare our results with SBF predictions based
on different isochrones, we use the Flexible Stellar Pop-
ulation Synthesis software package (Conroy et al. 2009;
Conroy & Gunn 2010) to consistently calculate fluctua-
tion magnitudes based on the MIST, BaSTI (Pietrinferni
et al. 2004; Cordier et al. 2007), and PARSEC (Bressan
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Figure 6. Comparison of SBF predictions based on different
isochrones in the SDSS ugriz filter system, plotted as a
function of SSP age, assuming SSPs with [Fe/H] = −1.5 (solid
lines) and [Fe/H] = 0 (dotted lines). Each panel shows the
difference δMx ≡ MMIST − Mcompare, where MMIST is the
MIST prediction, x is the bandpass, and “compare” refers to
BaSTI (red lines) and PARSEC (blue lines)—the comparison
isochrones. All calculations were consistently performed using
the Flexible Stellar Population Synthesis software package.
et al. 2012) isochrones. By holding all other model inputs
fixed (e.g., initial mass function, spectral library, and
filter throughput functions), we isolate the effect that
varying the isochrones has on the SBF signal.
For each isochrone set, we calculate SBF predictions
as a function of SSP age in the Sloan Digital Sky Survey
(SDSS) ugriz filter system (Fukugita et al. 1996). In Fig-
ure 6, we show the difference in fluctuation magnitudes
δMx ≡ MMIST −Mcompare, where x is the bandpass and
“compare” refers to the BaSTI (red lines) and PARSEC
(blue lines) isochrones, the comparison isochrones. We
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Figure 7. Fluctuation magnitudes in LSST griz for simple stellar populations with masses 104 (left), 105 (middle), and 106 M
(right). We omit u and y for clarity; they follow the same trend, where the scatter decreases with bandpass wavelength. We
generate 1000 realizations of each population, with a fixed metallicity of [Fe/H] = −1.5 and for ages of 10 (top) and 1 Gyr
(bottom). The vertical dotted lines show the asymptotic fluctuation signal for a stellar population that fully samples the mass
function, with the associated bandpass indicated at the top of each line. In the ultra-faint stellar mass regime (.105 M), the
SBF signal is sensitive to the number of AGB stars, leading to the bimodal distributions in the bottom left.
show results for SSPs with [Fe/H] = −1.5 (solid lines)
and [Fe/H] = 0 (dotted lines).
The agreement between MIST and the comparison
isochrones is generally better for older ages, as expected
given the large uncertainties and timescales associated
with the flux contributed by short-lived massive stars.
For ages older than 3 Gyr, MIST differs with PARSEC
at the ∼10-30% level. The disagreement with BaSTI
over this same age range is much larger, with differences
at the ∼20-75% level, depending on bandpass. In both
comparisons, the agreement is generally better in the
bluer bandpasses (ugr), with the exception of the u-band
at solar metallicity near 10 Gyr.
The overall level of disagreement in Figure 6 is con-
cerning, though it is in line with known isochrone-driven
differences between evolutionary calculations (e.g., see
Figure 33-34 in Choi et al. 2016). The great challenge is
that clean, simple calibration data are scarce, especially
for ages that are younger than globular clusters. For
predicting SBFs, the likely most important differences
between the isochrones are their very different treatments
of AGB stars and stellar rotation in higher mass stars, as
well as their different calibrations of convective overshoot-
ing and mass-loss. For additional isochrone comparisons,
we refer the reader to Choi et al. (2016).
2.6. Undersampling the Mass Function
Theoretical predictions for fluctuation magnitudes gen-
erally assume the mass function has been fully populated,
an assumption that is easily satisfied in giant elliptical
galaxies but is likely false in low-luminosity stellar sys-
tems such as star clusters and low-mass dwarf galaxies
(e.g., Raimondo et al. 2005). For systems with stellar
masses .106 M, stochasticity in the number of stars in
rare, luminous evolutionary phases leads to “sampling
scatter” in the fluctuation signal. Furthermore, SBFs
are often measured within a subset of a galaxy’s pixels,
since some regions of the image might not be suitable for
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Figure 8. Sampling scatter in the distribution of LSST
ugrizy fluctuation magnitudes as a function of the abso-
lute magnitude of the stellar population. Solid lines are for
an SSP of age 1 Gyr, and dashed lines are for an SSP of age
10 Gyr. Both SSPs have a metallicity of [Fe/H] = −1.5. The
scatter increases with decreasing luminosity due to under-
sampling of the stellar mass function, and it increases with
bandpass wavelength due to the increasing contribution of
rare, luminous stars.
SBF measurements (e.g., due to foreground/background
objects, star-forming knots, and/or dust lanes); thus,
sampling of the mass function is also an important con-
sideration for systems of somewhat higher mass.
In Figure 7, we show fluctuation magnitudes in LSST
griz filters for SSPs with masses of 104 (left), 105 (mid-
dle), and 106 M (right). The calculations assume a
metallicity of [Fe/H] = −1.5 and ages of 1 Gyr (bottom
row) and 10 Gyr (top row). The dotted lines indicate
M for a fully-sampled mass function. As expected, the
sampling scatter increases with decreasing stellar mass.
Interestingly, at fixed stellar mass, the sampling scatter
is lower for bluer bandpasses, with little to no bias in
the g-band across this range of SSP parameters. The
lower sampling scatter in blue compared to red band-
passes is due to the ∼1-6 mag fainter flux from rare AGB
stars, as well as the increased signal contribution from
comparatively less rare CHeB stars. Therefore, for very
low-mass galaxies, SBFs in bluer bands such as u or g are
more robust distance indicators, though this comes at
the cost of much fainter SBF magnitudes and a steeper
metallicity dependence than in redder bandpasses (see
Section 2.4).
The strongly non-Gaussian shapes of the distributions
in Figure 7, particularly those in the bottom row, are
primarily driven by the number of thermally-pulsating
AGB stars. Note, for example, the bottom-left panel,
for which the distributions of the red bands (riz) are
bimodal, with one peak corresponding to zero thermally-
pulsating AGB stars and the other corresponding to a
non-zero number. The better-behaved distributions in
the top row can be understood from inspection of the
second and fourth rows of Figure 2. For an SSP of age
1 Gyr, the thermally-pulsating AGB dominates the SBF
signal in the i-band, whereas the MS dominates it in
the g-band, and when the SSP reaches 10 Gyr in age,
the RGB dominates both bandpasses, leading to more
stability in the predicted fluctuation signal.
In practice, the size of the SBF measurement aperture
and the absolute magnitude within it will determine the
amount of scatter in M. In Figure 8, we show the sampling
scatter in LSST ugrizy fluctuation magnitudes (σM) as
a function i-band absolute magnitude for a metal poor
SSP of age 1 Gyr (solid lines) and 10 Gyr (dashed lines).
At 10 Gyr, the scatter ranges from . 0.1 at Mi = −10
(which corresponds to M? ∼ 106 M) to larger than a
magnitude for the lowest mass systems. In red band-
passes, the scatter from young to intermediate-age popu-
lations is generally larger by ∼0.3-0.5 mag compared to
old populations, except for the lowest luminosities, where
σM & 1 mag for older populations and the distribution
of M is bimodal in younger populations (see Figure 7).
In massive elliptical galaxies, the “cosmic scatter” in
the fluctuation-color relation2 due to intrinsic stellar
population variations was measured by Blakeslee et al.
(2009) to be ∼0.06 mag. Intrinsic scatter (whether due
to sampling or stellar population effects) has yet to be
measured in low-mass galaxies with M? ∼ 106-107 M.
The typical observational uncertainties in SBF measure-
ments of such systems is on the order of 0.3 mag (Cohen
et al. 2018; Carlsten et al. 2019a), which is larger than
the predicted sampling scatter by ∼0.2 mag.
3. COMPARISON TO OBSERVATIONS
In this section, we compare MIST fluctuation-color
relations to observations of dwarf galaxies, which have
bluer colors and lower luminosities than galaxies used
for most previous comparisons between theory and ob-
servations. Our comparison data come from the CFHT
(Carlsten et al. 2019a) and HST (Cohen et al. 2018).
Importantly, all the galaxies in this comparison sample
have independently measured distances based on the tip
of the RGB method, which we use to directly convert
apparent fluctuation magnitudes into absolute units.
The tip of the RGB distance measurements from Carl-
sten et al. (2019a) were mostly drawn from the nearby
galaxy catalog of Karachentsev et al. (2013), with ad-
2 Specifically, the HST ACS/WFC F850LP fluctuation vs.
F475W − F850LP color relation for F475W − F850LP > 1.
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Figure 9. Comparison of MIST fluctuation-color relations with observations of low-luminosity systems from CFHT (left column;
Carlsten et al. 2019a) and HST (right column; Cohen et al. 2018). In the top row, we show predictions for simple stellar populations
(SSPs) with the indicated metallicities and ages spanning 100 Myr to 12.5 Gyr. In the bottom row, we show predictions for
composite stellar populations (CSPs). The red lines show our double-burst model, which is described by Equation (2). The
dashed black lines show the predictions for a stellar population that has undergone constant star formation, where we vary
the time since the star formation ended (tend). We indicate some values of tend with the squares in the bottom-right panel.
For reference, the two gray error bars without data points in each panel show the SBF magnitude uncertainty associated with
fractional distance errors of 10% and 25%. Red and old stellar populations are well-described by SSPs, but for the bluest and
youngest galaxies, the double-burst model shows better agreement than single-age populations.
ditional distances taken from Cohen et al. (2018) and
Mart´ınez-Delgado et al. (2018). The characteristic un-
certainty in determining the tip of the RGB is ∼0.1 mag
or 5% in distance (e.g., Danieli et al. 2017; Cohen et al.
2018; Beaton et al. 2018; Jang et al. 2018).
3.1. Models with Simple Stellar Populations
In the top row of Figure 9, we compare MIST predic-
tions for SSPs with the observed CFHT Mi vs. (g−i) and
HST M814 vs. (V606−I814) relations. It is well-established
that theoretical SSP colors and SBF magnitudes are con-
sistent with the observed fluctuation-color relation for
old, red galaxies (e.g., Cantiello et al. 2018), as can be
seen in our comparison with the empirical calibration
of Blakeslee et al. (2010) in top-right panel of Figure 5.
However, the extent to which models agree with observa-
tions of bluer and lower-luminosity systems — a regime
that will become increasingly more relevant as the next
generation of wide-field surveys come online — remains
an open question. While resolved-star observations of
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nearby dwarf galaxies reveal that they have generally
undergone complex star formation histories (McQuinn
et al. 2010; Weisz et al. 2011, 2014), SSPs are still a use-
ful point of comparison, since they are easy to interpret,
and we might expect them to become more accurate as
we push to the lowest-luminosity systems.
The purple lines in Figure 9 show the MIST predictions
for ages spanning 100 Myr to 12.5 Gyr. We show predic-
tions for SSPs with metallicities of [Fe/H] = −1.5, −1,
and −0.5; higher metallicities are unlikely for such low-
luminosity systems (Kirby et al. 2013) and lead to predic-
tions that are less consistent with the data. For reference,
the two gray error bars without data points in each panel
show the SBF magnitude uncertainty associated with
fractional distance errors of 10% and 25%.
Consistent with Cantiello et al. (2018), we find that the
MIST SSPs are in excellent agreement with the CFHT
observations for colors g − i & 0.5. We also see that the
bluest galaxies observed by Carlsten et al. (2019a) are
consistent with very young SSPs with [Fe/H] = −1, but
there are currently only three galaxies with published
data in this regime. Intriguingly, there is a region of
parameter space near g − i ∼ 0.4 that is inconsistent
with pure SSPs — this color is also near the transition
color where AGB stars begin to dominate the i-band
fluctuation signal in metal poor systems (Figure 3).
For the comparison with HST, the data are fully consis-
tent with the SSP predictions, though the observational
uncertainties are large and the fluctuation-color rela-
tion is steep, making it difficult to distinguish between
different model predictions.
3.2. Models with Composite Stellar Populations
The SSP models predict fluctuation magnitudes that
are too bright near g−i ∼ 0.4. This is consistent with the
presence of an additional population of young, luminous
stars, which combine with an older stellar population to
produce redder integrated colors compared to a purely
young population. We explore this scenario using a simple
“double-burst” model composed of two SSPs. The primary
SSP is old with an age of 12.5 Gyr and [Fe/H] =−1.5, and
the secondary SSP is very young with an age of 200 Myr
and [Fe/H] = −1. We then vary the contribution from
the secondary population from 0 - 50% to generate a
sequence of double-burst models. The total fluctuation
luminosity is calculated as
L =
β
∑
j nj L
2
j, young + (1− β)
∑
k nk L
2
k, old
β
∑
j nj Lj, young + (1− β)
∑
k nk Lk, old
, (2)
where the old and young subscripts refer to the two
subpopulations, and β ∈ [0, 0.5] is the fraction of stars
contributed by a second instantaneous burst of star for-
mation — in other words, β parameterizes the scale of
the second burst of star formation compared to the stellar
population that formed at early times.
The double-burst models are indicated by the red lines
in the bottom row of Figure 9. The agreement with the
observed CFHT relation is very good across the entire
color range, and it is generally much better than that of
pure SSPs. Although dwarf galaxy formation histories are
certainly more complex and diverse than the double-burst
scenario, this simple model nevertheless demonstrates
that composite populations can reproduce the observed
fluctuation-color relation of dwarf galaxies.
To explore the sensitivity of the theoretical predictions
to star formation history, we generated a set of constant
star formation models using pypcmd (Cook et al. 2019).
The dashed black lines in the bottom row of Figure 9
show the predictions for a stellar population that has un-
dergone constant star formation, where we vary the time
since the star formation ended (tend). The black squares
indicate where the star formation ended 1010, 108, 107,
and 106.5 years ago. For all the constant star formation
models, we assume a metallicity of [Fe/H] = −1.5; we
verified that our results are not significantly changed if
we instead assume a Gaussian metallicity distribution
centered at [Fe/H] = −1.5 with a width of 0.2 dex.
For the models considered here, the overall shape
of the observed CFHT relation is best matched by
the double-burst model, particularly in the color range
0.25 . g−i . 0.65. There are, however, regions of param-
eter space that are degenerate between the double-burst,
constant star formation, and SSP models, especially given
the relatively large observational uncertainties. This de-
generacy between different star formation histories is
encouraging for measuring SBF distances to blue stellar
populations. On the other hand, it limits the stellar pop-
ulation information content that can be extracted from
such systems using luminosity fluctuations.
Composite stellar populations have previously been
invoked to explain SBF observations (e.g., Tonry et al.
1990b; Liu et al. 2002). For more massive early-type
systems, three-component models from Blakeslee et al.
(2001) reproduce the observed I-band SBF slope and are
consistent with infrared SBF observations (Jensen et al.
2003). For dwarf spheroidals, Jerjen et al. (2000) adopted
a two-component model composed of an old, metal poor
population and an intermediate age population of solar
metallicity that contributes 10-30% of the signal. These
authors identified two “branches” — one linear branch
and one curved branch — in the observed and theoretical
fluctuation-color planes. They suggest the curved branch
is due to very old, metal poor populations, and the linear
branch requires increasing fractions of younger stars.
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The dwarf spheroidal sample of Jerjen et al. (2000)
spanned the color range 1 < B − R < 1.3, which for
a metal-poor SSP of age 10 Gyr, corresponds to ap-
proximately 0.6 < g − i < 0.9 in the CFHT filter sys-
tem. While we are exploring much bluer colors and
younger stellar populations than Jerjen et al. (2000),
our double-burst model results are also consistent with
the fluctuation-color relation for dwarf galaxies consist-
ing of two branches. The first branch is linear and is
well-described by old SSPs (not shown in Figure 9), and
the second branch curves away from an extrapolation of
the linear branch towards fainter SBF magnitudes and
is associated with composite stellar populations.
4. IMAGE SIMULATIONS
To study the measurement of SBFs in practice, we use
image simulations in which dwarf galaxies are built star-
by-star from the faint end of main sequence to the most
luminous phases of stellar evolution. Tonry & Schnei-
der (1988) used conceptually similar image simulations
(Bahcall & Schneider 1988) to demonstrate the efficacy
of their novel method, though their simulations were
necessarily limited. More recently, SBFs have generally
been simulated by injecting Poisson variance into mock
galaxies with smooth surface brightness distributions
(e.g., Mieske et al. 2003; Mei et al. 2001, 2005).
Since we are interested in low-luminosity galaxies com-
posed of ∼105 - 108 stars, it is computationally feasible
to build a large number of synthetic galaxy images one
star at a time. This means that SBFs in our simulations
are exactly analogous to real observations. Furthermore,
by selectively injecting stars, we can straightforwardly
disentangle the SBF and luminosity signals from various
phases of stellar evolution and use our mock images to
build intuition for how similar stellar populations appear
in real observations with arbitrary galaxy properties and
observing conditions. In this work, we focus on ground-
based observing conditions that are similar to what is
expected to be typical for LSST.
4.1. ArtPop
We create our image simulations using an updated ver-
sion of the code ArtPop, which was introduced in Danieli
et al. (2018). An expanded and generalized implementa-
tion of the code will be made publicly available in the
near future (J. Greco & S. Danieli, in preparation). Here,
we give a brief overview of relevant aspects of the code.
ArtPop takes the following parameters as input: the
total stellar mass or number of stars to be simulated,
stellar population and galaxy morphology parameters,
the distance to the stellar system, the pixel scale, the
photometric system, the point-spread function (PSF),
and various other parameters that control the noise and
count level in the image.
Given a set of observational parameters, Artpop calcu-
lates stellar magnitudes based on the MIST isochrones
using the procedure described in Section 2.1. Stellar mag-
nitudes in bandpass x are converted to photon counts
using the analytic expression
Cx = A
texp
h
∆λx
λeff, x
10−0.4 (mx + 48.6), (3)
where A is the collecting area of the telescope, texp is the
exposure time, h is the Planck constant, ∆λx and λeff, x
are the width and effective wavelength of bandpass x,
and mx is the stellar AB magnitude in bandpass x.
Artpop then injects the stars into an image according
to a user-specified spatial distribution and convolves with
the PSF. Finally, noise is added to the image. For a fully
artificial observation, Poisson noise is generated from
the combined counts of the source and sky, and the read
noise is assumed to be Gaussian. If instead the galaxy
is injected into a real image, Poisson noise is optionally
generated from the source counts before converting into
the image flux units, provided the necessary parameters
for Equation (3) are given as input.
In Figure 10, we show example ArtPop mock obser-
vations of two dwarf galaxies at a distance of 5 Mpc.
The dwarf galaxies are both composed of an SSP with
stars distributed according to a Se´rsic surface bright-
ness distribution (Se´rsic 1968) with n = 0.8. All their
physical properties are the same except one (top) is very
young with log(Age/yr) = 8.5 and the other (bottom) is
of intermediate age with log(Age/yr) = 9.5. The stellar
mass, metallicity, and effective radius of both galaxies are
M? = 10
6 M, [Fe/H] = −1.5, and reff = 550 pc, respec-
tively. The mock observations are tuned to resemble an
LSST-like observatory (see Section 5.2). The cutouts are
gri-composite images (Lupton et al. 2004) with exposure
times of 1.5 hr in i and 45 min in g and r.
For each dwarf, the four images on the right decon-
struct the full SSP image, which is shown in the inset
of left panel, into the four indicated phases of stellar
evolution. As throughout this work, the RGB includes
the subgiant branch, and the AGB includes the early
and thermally-pulsating AGB — see Section 2.2 for a
note about how we label stellar evolutionary phases. The
HertzsprungRussell diagrams on the left show the tem-
peratures and luminosities of the stars that were injected
into the corresponding mock images.
The images in Figure 10 are excellent intuition builders
for interpreting semi-resolved images of dwarf galaxies.
At a glance, we see the smooth Se´rsic distribution of the
blue main sequence and SBFs dominated by CHeB stars
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Figure 10. Simulated gri-composite images of a dwarf galaxy at 5 Mpc with the indicated stellar mass, metallicity, and ages.
The HR-diagrams show the luminosities and temperatures of the stars that were injected into the corresponding mock images.
For each dwarf, the four panels on the right deconstruct the full SSP image (inset in left panel) into the four indicated phases of
stellar evolution, where the RGB includes the subgiant branch and the AGB includes the early and thermally-pulsating AGB
(EAGB and TPAGB, respectively). The evolutionary phases that dominate the fluctuations are clearly visible by eye; CHeB stars
dominate the signal of the young population (top), and RGB stars dominate that of the intermediate-age population (bottom).
AGB stars contribute non-negligible fluctuations at both ages and are easily isolated in the young galaxy due to the high contrast
between their red color and the blue light from main sequence (MS) and CHeB stars. The simulations were tuned to resemble an
LSST-like observatory and observing conditions. See Section 2.2 for a note about how we label stellar evolutionary phases.
sbf distances to low-luminosity galaxies 15
at early times and the RGB at later times, consistent
with our calculations in Figure 2. The AGB is the most
luminous and rarest phase in both galaxies and thus
contributes non-negligible luminosity fluctuations that
are clearly visible in the full SSP images. Intriguingly,
AGB stars are easy to identify in the younger galaxy
due to the high contrast between their red colors and
the blue light from the main sequence and CHeB stars,
which suggests ground-based surveys with LSST-quality
imaging have the potential to shed light upon this rare
phase of stellar evolution using nearby dwarf galaxies.
4.2. Dwarf Galaxy Physical Parameters
In the sections that follow, we simulate thousands
of dwarf galaxies with stellar masses ranging from the
ultra-faint (104 ≤ M? ≤ 105 M) to low-mass classical
(M? ≤ 107 M) regimes. The galaxies are assumed to be
pure SSPs with Se´rsic surface brightness distributions.
For all galaxies, we use an ellipticity of 0.3 and Se´rsic
index of n = 0.8, consistent with the median values of
LSB galaxies observed with the Hyper Suprime-Cam
Survey (Greco et al. 2018).
For a given stellar mass, we assume empirical scaling
relations to derive effective radii and stellar metallicities.
For effective radii, we use the mass–size relation com-
piled by Danieli et al. (2018). Since we are particularly
interested in diffuse stellar systems, we use radii that are
larger by 1σ = 0.32 dex than this relation:
log(reff/kpc) = 0.23 log(M?/M)− 1.93 + 0.32. (4)
For stellar metallicity, we use the mean mass–metallicity
relation for dwarf galaxies from Kirby et al. (2013):
[Fe/H] = −1.69 + 0.3 log
(
M?
106 M
)
. (5)
We note that using surface brightness to derive stellar
metallicity (e.g., van Dokkum et al. 2019) leads to metal-
licities that are typically higher by ∼0.4 dex compared
to those derived from Equation (5) — we verified that
our results are not significantly impacted by this choice.
5. MEASURING SBFS IN PRACTICE
SBFs from a semi-resolved stellar system are tradi-
tionally measured using the azimuthally-averaged power
spectrum of its image, as first demonstrated by Tonry
& Schneider (1988). The advantage of this method is
that it cleanly separates sources of fluctuations that are
PSF-convolved—such as Poisson fluctuations in the num-
ber of giant stars in each pixel—from those that are due
to noise in the detector. Assuming random phases from
pixel to pixel, the latter fluctuations produce white noise
and thus contribute a constant offset to the power spec-
trum. In contrast, power from PSF-convolved sources
boosts the amplitude of the PSF power spectrum.
A major challenge to this approach is that astrophys-
ical sources such as globular clusters and background
galaxies also produce fluctuations on the scale of the PSF.
While the power from these sources can be modeled and
subtracted under reasonable assumptions, fluctuations
arising from sources like star-forming regions and/or dust
lanes need to be aggressively masked. There is an exten-
sive literature that addresses the subtleties of measuring
SBFs via the power spectrum method (e.g., Tonry &
Schneider 1988; Blakeslee & Tonry 1995; Liu et al. 2002;
Mei et al. 2005; Cantiello et al. 2007; Jensen et al. 2015).
In this section, we describe the procedure we follow to
measure SBFs (Section 5.1), which we then apply to
idealized (Section 5.2) and realistic (Section 5.3) mock
dwarf galaxy images.
5.1. The Power Spectrum Method
In outline, the major steps for measuring SBFs in a
galaxy image are: (1) model and subtract the galaxy’s
mean surface brightness distribution, and divide the resid-
ual image by the square root of the model to normalize
the scale of fluctuations; (2) mask sources of fluctuations
that are not due to stellar SBFs arising in the galaxy of
interest; (3) Fourier transform the masked residual image
and calculate the azimuthally-averaged power spectrum,
from which the variance of fluctuations may be deter-
mined as described below; (4) depending on the image
quality, data reduction procedure, and the nature of
the target galaxy, it may also be necessary to subtract
the additional signal from contaminating sources such
as globular clusters, faint background galaxies, and/or
correlated noise from resampling.
Assuming steps (1) through (3) have been completed,
the azimuthally-averaged power spectrum of the normal-
ized residual image is modeled as
P (k) = σ2SBF × E(k) + σ2WN, (6)
where σ2SBF is the variance from PSF-convolved sources
(the desired signal), σ2WN is the white (uncorrelated) noise
variance associated with the detector, and k is the spatial
frequency in units of inverse pixels. The multiplicative
factor E(k) is the azimuthally-averaged “expectation
power spectrum” (Tonry et al. 1990a), which is given by
the two-dimensional convolution of the power spectra of
the PSF and object mask:
E(kx, ky) = |PSF(kx, ky)|2 ~ |M(kx, ky)|2 . (7)
We zero-pad the PSF before calculating its Fourier trans-
form to increase its frequency sampling rate to match
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that of the object mask. To solve Equation (6) for σ2SBF
and σ2WN, we use standard non-linear least squares fitting
implemented in the scipy software package.
The recovered fluctuation magnitude is sensitive to the
range of k values over which the fit is performed (e.g.,
Mieske et al. 2003; Cantiello et al. 2005). At low k (large
spatial scales), residual structure from imperfect galaxy
subtraction often compromises the expected power spec-
trum. At large k (small spatial scales), correlated noise
between pixels can lead to spurious fits (Mei et al. 2005).
This issue is usually addressed on a per-object basis,
since it depends on the quality of the galaxy subtrac-
tion, or by iteratively fitting the power spectrum while
varying the range of k values to quantify the statistical
uncertainty of the fit (e.g., Cohen et al. 2018).
If astrophysical sources such as globular clusters and/or
unresolved background galaxies are also present, then
their residual variance σ2r must be subtracted from σ
2
SBF.
This may be done analytically by assuming or measuring
the form of their luminosity function(s). It is also possible
to empirically measure residual variance from conaminat-
ing sources by measuring the SBF signal in blank fields
near the source of interest (Carlsten et al. 2019a). The
apparent fluctuation magnitude is then given by
m = mzpt − 2.5 log
(
σ2SBF − σ2r
Npix
)
, (8)
where Npix is the number of unmasked pixels, and mzpt is
the zero point magnitude. Dividing by Npix is necessary
because σ2SBF is equal to the sum of the pixel variances,
whereas we are interested in the per-pixel luminosity
fluctuations, which we have normalized to have a constant
amplitude across the residual image.
5.2. SBF Recovery from Idealized Simulations
For a known stellar population, how well does σ2SBF
in Equation (6) measure L in Equation (1)? Tonry &
Schneider (1988) explored this question using three sim-
ulations of a galaxy at different distances and found a
∼3-10% bias in their recovered distances, which they
attributed to truncation of the PSF. Here, we revisit this
question using idealized ArtPop simulations, where the
target galaxy is the only source in the image and we have
perfect knowledge of both the signal and noise.
5.2.1. Idealized Simulations: Setup
We simulate many realizations of galaxies with old stel-
lar populations (12.6 Gyr) and stellar masses of 107 M
and 5× 105 M, with physical parameters given by the
relations in Section 4.2. We inject the galaxies into mock
observations that are tuned to resemble an LSST-like
observatory with an effective aperture of 6.4 m, pixel
scale of 0.′′2 pixel−1, and read noise of 4 electrons (Abell
et al. 2009; Ivezic´ et al. 2019). The data are assumed to
be sky-noise dominated, with an i-band sky brightness
of 19.9 mag arcsec−2, which is typical for dark time near
Cerro Pacho´n (e.g., Abbott et al. 2018). The sky back-
ground is constant over the extent of each galaxy, and
the sky subtraction is perfect. We model the seeing as
a Moffat profile with β = 4.765 (Moffat 1969; Trujillo
et al. 2001) and FWHM of 0.′′7.
The galaxies are “observed” at two distances, 8 Mpc
and 18 Mpc, in LSST’s i-band with an exposure time of
18.4 minutes. These observing parameters produce data
with a depth that is similar to what is expected from
LSST stacks after 2 years of its deep-wide-fast survey,
assuming the calculations and mean number of visits per
field from Ivezic´ et al. (2019).
For each mock galaxy, we ignore our knowledge of the
true morphology and fit a 2D Se´rsic function to its mean
surface brightness distribution using imfit (Erwin 2015).
The best-fit model is used to generate the normalized
residual image, as described in Section 5.1. Since the
target galaxy is the only source in the image, step (2) in
Section 5.1 is not necessary.
We perform the SBF measurement within elliptical
apertures with a range of semi-major axes. There is a
trade-off between the area (and hence the number of
stars) covered by the measurement and the amount sky
noise allowed into the aperture, which is much more
dominant in the galaxy outskirts. For these idealized
simulations, we find an elliptical aperture with a semi-
major axis of 1× reff provides a good a balance between
signal and noise. The ellipse parameters are derived from
the imfit model.
Finally, we apply the methods of Section 5.1 to recover
the apparent fluctuation magnitude from the power spec-
trum of the normalized residual image. Note that the
residual variance from contaminating sources is zero in
these simulations. To fit Equation (6), we use a fixed
spatial frequency range of 0.05 < k < 0.45, where the
lower bound corresponds to ∼5× the FWHM of the PSF,
and the upper bound is near the Nyquist frequency.
5.2.2. Idealized Simulations: Results
In Figure 11, we show a summary of our fits to the
power spectra. Each panel shows results from 500 realiza-
tions of the galaxy shown in the inset images. The light
gray shaded region of each power spectrum indicates the
5th - 95th percentile of the measured data points, and
the dark gray region indicates the 5th - 95th percentile
of the best-fit models. The colored dashed lines indicate
the median best-fit models. The top row shows the power
spectra for the galaxies at 8 Mpc, and the bottom row
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Figure 11. Summary of our fits to the power spectra of mock galaxies with old stellar populations (12.6 Gyr) and stellar masses
of 107 M (left column) and 5× 105 M (right column). Each panel shows power spectra from 500 realizations of the galaxy
shown in the inset images, which show the original image and the masked residual image from which we measure the SBF signal.
The light gray shaded regions show the 5th - 95th percentile of the “observed” data points, and the dark gray regions indicate the
5th - 95th percentile of the best-fit models. The median best-fit models are indicated by the colored dashed lines. The galaxies
are placed at 8 Mpc (top row) and 18 Mpc (bottom row). The mock observation parameters are tuned to resemble 2-year stacks
from LSST, as described in Section 5.2.1.
shows the power spectra for the galaxies at 18 Mpc. The
higher mass (107 M) galaxy results are shown in the
left column, and the lower mass (5 × 105 M) galaxy
results are shown in the right column.
The peak of the power spectrum relative to the con-
stant offset, which we have normalized to unity, is a
measure of the signal-to-noise ratio of the measurement.
From the higher mass galaxy at 8 Mpc (top left panel) to
the lower mass galaxy at 18 Mpc (bottom right panel),
the median best-fit power spectrum transitions from
sharply peaked to nearly flat. For the former, we typically
recover the distance to within a few percent, whereas it
is not possible to place any meaningful constraints on
the distance for the latter.
To study the errors on the recovered parameters in
more detail, we show the joint parameter covariance
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Figure 12. Parameter covariances from the power spectra
shown in Figure 11. The parameters are defined in Equations
(6), and the differences are defined as δx ≡ xtruth − xrecovered.
The lines in the main panel show the 68th percentile con-
tours from 500 simulations for each combination of mass
and distance. The histograms on the top and right show
the marginalized distributions, and the gray shaded region
indicates where the fractional distance error is less than 25%.
distribution in Figure 12. The lines in the main panel
show the 68th percentile contours from the 500 simula-
tions for each combination of mass and distance, and the
histograms on the top and right show the marginalized
distributions. The colors of the lines correspond to those
in Figure 11. The gray shaded region indicates where the
fractional distance error that is less than 25%.
At 8 Mpc (solid lines in Figure 12), the distances to
the lower and higher mass galaxy are recovered to 10%
and 2.5%, respectively, where we calculate the typical
distance precision using the standard deviation of the
σ2SBF error distribution. In both cases, the recovered
SBF signal is unbiased, with a median offset of mtruth −
mrecovered ≡ δm < 0.003 mag, which corresponds to
<0.14% in distance. Note that the “true” SBF signal
is calculated directly from Equation (1) for each mock
galaxy realization. This means that δm is not impacted
by the SBF sampling scatter for low-mass systems, as
shown in Figure 7.
At 18 Mpc (dashed lines in Figure 12), the recovered
SBF signal of the higher mass galaxy remains unbiased,
but with a lower distance precision of 10%. In contrast,
the average recovered SBF signal of the lower mass galaxy
is consistent with zero, resulting in an unconstrained
distance and relatively flat σ2SBF error distribution.
Lastly, we note the anticorrelation between the errors
of σ2SBF and σ
2
WN, which is particularly clear for the
galaxy of mass 107 M. If the white noise component
is underestimated, the SBF signal is likely to be over-
estimated and vice versa, highlighting the importance
of understanding both the signal and the noise when
measuring SBFs.
5.3. SBF Recovery from Real Images
While the idealized simulations in the previous section
are useful for testing and developing our SBF recovery
methodology, they neglect several important sources of
uncertainty that occur in real observations. They do not
include other astrophysical sources of SBFs such as glob-
ular clusters and background galaxies. They also assume
uncorrelated noise between pixels, which is incorrect if,
for example, the data have been resampled, as is often
the case for wide-field surveys.
In this section, our goal is to assess the feasibility of
measuring SBFs in low-luminosity galaxies using LSST-
like data. To accomplish this goal, we inject mock galaxies
into images from the second data release of the Hyper
Suprime-Cam Subaru Strategic Program (HSC-SSP; Ai-
hara et al. 2019). The data quality and reduction (Bosch
et al. 2018) of the HSC-SSP are very similar to what is
expected for LSST, and with a 5σ point-source limit of
ilim ' 26, the wide-layer depth of HSC-SSP is comparable
to the anticipated depth of 2-year LSST stacks. By in-
jecting mocks into HSC-SSP images, realistic (correlated)
noise and additional astrophysical sources observed with
LSST-like depth and resolution are naturally included.
5.3.1. Realistic Simulations: Setup
We inject mock galaxies into three quasi-random fields
from HSC-SSP’s wide layer, avoiding regions that would
render SBF measurements exceedingly difficult if not
impossible such as near saturated stars or in front of
dense galaxy clusters. The FWHM of the i-band PSFs in
the selected fields ranges from ∼0.′′5-0.′′6, comparable to
good-seeing nights at Cerro Pacho´n (Ivezic´ et al. 2019).
We obtained the PSF for each field using HSC-SSP’s
PSF Picker tool, which is available on the HSC-SSP data
release website3.
For our main suite of simulations, the mock galaxies
are composed of old SSPs of age 12.6 Gyr, spanning a
stellar mass range of 104 ≤ M?/M ≤ 107. Table 1 lists
the stellar mass, metallicity, effective radius, and average
i-band central surface brightness and g − i color of the
simulated galaxies. The galaxy parameters are derived
from the scaling relations presented in Section 4.2. For
each stellar mass, we inject 500 realizations of the galaxy
3 https://hsc-release.mtk.nao.ac.jp/doc/
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Table 1. Mock Galaxy Parameters
M? [Fe/H] reff 〈µ0(i)〉 〈g − i〉
[M] [kpc] [mag arcsec−2] [mag]
1× 107 -1.4 0.93 24.5 0.77
5× 106 -1.5 0.80 25.0 0.75
1× 106 -1.7 0.55 25.9 0.71
5× 105 -1.8 0.47 26.3 0.69
1× 105 -2.0 0.32 27.2 0.64
5× 104 -2.1 0.28 27.6 0.62
1× 104 -2.3 0.19 28.4 0.58
Note—The radii and metallicities are derived from the scal-
ing relations presented in Section 4.2. The central surface
brightnesses and colors are the ensemble averages and are in
the LSST filter system, assuming the galaxies are SSPs of
age 12.6 Gyr. At this SSP age, the metallicity dependence of
Mi is weak, resulting in a median Mi ' −1.5 for all galaxies.
with a random position angle into the i-band image of
each of the three HSC-SSP fields. Using our idealized
simulations as guidance, we place the mock galaxies at
various distances to study the limiting SBF distance as
a function of stellar mass.
Within each field, we mask any source that—if it were
at the same distance of the mock galaxy—would have
an absolute i-band magnitude brighter than Mi = −4,
which roughly corresponds to the luminosity of the most
luminous giant stars for our assumed SSP parameters. To
identify these sources, we select objects in the HSC-SSP
catalog based on their cmodel magnitude, requiring the
magnitude uncertainty to be less than 0.2 mag to limit
the catalog to high signal to noise ratio detections. At
each source position, we apply a circular mask that scales
with the object flux.
The final object mask for each field is given by the
union of the above source mask and an elliptical mask
generated as described in Section 5.2.1. For fixed image
quality and depth, the optimal semi-major axis of the
ellipse depends on the galaxy’s mass and distance, as
well as on the density of nearby contaminating sources,
since an increasing number of sources will fall within the
aperture as the semi-major axis increases. In addition,
the impact of dividing by the model is larger in the
galaxy outskirts, as the surface brightness approaches
zero at large radii. We, therefore, select the aperture
sizes on a per-field basis for each combination of galaxy
mass and distance that we simulate. For galaxies with
M? ≤ 105 M, we use semi-major axes of 0.5-0.75×reff .
For more massive galaxies, we use somewhat larger semi-
major axes of 0.75-1.5×reff
Similar to our idealized simulations, we model each
galaxy’s surface brightness distribution using imfit. The
main difference in this case is that before performing the
fit, we aggressively mask sources that are not associated
with the target galaxy using sep4 (Barbary 2016). Note
this mask is for fitting purposes and is different from
the SBF object mask) For galaxies with masses M? ≤
105 M, we fix the centroid and structural parameters to
their known values during the fit. Given the extremely
low mean surface brightness of such objects, the data lack
the necessary surface brightness sensitivity to robustly
constrain their average structure. This means, of course,
that our fitting results for galaxies with M? ≤ 105 M
are overly optimistic. However, an analogous scenario
may occur in reality, as one can imagine detecting and
measuring the structure of an ultra-faint dwarf in the
Local Volume with an LSB-optimized, low-resolution
survey (e.g., Danieli et al. 2019b), the results of which
could serve as a prior for measurements that use data
from a higher-resolution survey like HSC-SSP or LSST.
We use the best-fit imfit model to generate the nor-
malized residual image, from which we measure the
fluctuation signal following the procedure described in
Section 5.1. As we have noted, the best-fit parame-
ters depend strongly on the range of k values used in
the fit to Equation (6). To automate the fitting pro-
cess, we perform the fit 10 times per SBF measurement,
where the minimum and maximum k values are drawn
from uniform distributions with 0.05 ≤ kmin ≤ 0.1 and
0.35 ≤ kmax ≤ 0.45. We then calculate the SBF sig-
nal as the average of the 10 measurements, where we
weight each measurement by the χ2 associated with its
fit, similar to the method used in Cohen et al. (2018).
We do not include globular clusters in our simulations,
but galaxies in the stellar mass range we are studying are
expected to have zero to a few globular clusters (Forbes
et al. 2018). We therefore do not need to subtract the
fluctuation signal from unmasked globular clusters. We
do, however, expect there to be residual variance from
faint background galaxies and correlated noise between
pixels. Following Carlsten et al. (2019a), we empirically
measure this residual variance using blank fields near our
target galaxies. For each SBF measurement, we perform
identical measurements in 10 nearby blank fields, where
the blank fields are normalized using the same model as
the target field.
In Figure 13, we illustrate the above steps for a galaxy
of mass 107 M at 10 Mpc (top row), 15 Mpc (middle
row), and 20 Mpc (bottom row). From left to right,
the columns show the original images, the normalized
4 https://sep.readthedocs.io
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Figure 13. Illustration of the SBF recovery steps for a mock galaxy of stellar mass 107 M that has been placed at 10 Mpc (top
row), 15 Mpc (middle row), and 20 Mpc (bottom row) and injected into an i-band image from the wide layer of HSC-SSP. From
left to right, the columns show the original images, the normalized residual images, the masked (normalized) residual images,
and the azimuthally-averaged normalized power spectra of the masked residual images. In each power spectrum panel, the solid
black line shows the measured power spectrum, the solid red line shows the best-fit to Equation (6), and the non-zero-slope
dashed black line shows the normalized PSF power spectrum. The solid purple line indicates the median power spectrum of 10
blank fields near the target galaxy, with the gray shaded region indicating the 68th percentile of the distribution. The error on
the recovered apparent fluctuation magnitude δm ≡ mtruth −mrecovered is indicated in each power spectrum panel.
residual images, the masked residual images, and the
normalized power spectra of the masked residual images.
In the left-most column, we see the galaxy transition
from visibly semi-resolved at 10 Mpc to mostly smooth
at 20 Mpc.
The errors on the apparent fluctuation magnitudes for
these particular mock galaxy realizations are indicated
in the power spectra panels in the right-most column.
The corresponding distance precisions are ∼2% at 10 and
15 Mpc and ∼14% at 20 Mpc. Importantly, this demon-
strates that SBFs can be recovered from low-luminosity
galaxies even when the galaxy appears smooth to the
eye. Note that the distance precision does not necessar-
ily decrease with distance (compare the top and middle
rows), since the signal-to-noise ratio depends on a com-
plicated interplay between the strength of the intrinsic
signal relative to the sky and detector noise, the size
and aggressiveness of the object mask, the quality of the
Se´rsic fit, and the residual variance from contaminating
sources within the SBF measurement aperture.
5.3.2. Realistic Simulations: Results
In Figure 14, we show representative results for combi-
nations of stellar mass and distance that produce typical
fractional distance errors of ∼15-20%. As above, we quan-
tify the typical distance precision using the standard devi-
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Figure 14. Representative simulation results for combinations of stellar mass and distance that produce typical distance errors
of ∼15-20%. Each panel in the top row shows an example mock galaxy realization for the indicated combination of stellar mass
and distance, and the transparent purple region shows the object mask. Each panel in the bottom row shows the corresponding
distribution of δm ≡ mtruth −mrecovered from the 500 realizations in each of the three HSC-SSP fields (1500 simulations for each
mass–distance combination). The diffuse stellar component is not visible in images of the two lower mass galaxies on the left, but
individual AGB stars (the unmasked point sources) are clearly detected in these galaxies given their relatively nearby distances.
ation of the error distribution of the recovered fluctuation
signal. In the top row, we show example mock galaxy re-
alizations and their associated object masks (transparent
purple regions) for the indicated mass–distance combina-
tions. For the galaxies with M ≤ 105 M, the diffuse
stellar component is more or less invisible, but individual
AGB stars are clearly detected, since these galaxies are
necessarily at relatively small distances. Nevertheless, it
is possible to measure reasonably precise SBF distances
to such objects from the ground, provided their centroid
and structure are independently known.
The bottom row of Figure 14 shows the apparent fluc-
tuation magnitude error distributions from the 500 re-
alizations in each of the three HSC-SSP fields (1500
simulations for each mass–distance combination). For
reference, we indicate where the fractional distance error
is 15% (red dashed lines) and 25% (blue dotted lines).
Though the distributions are noisier than our idealized
simulations, as expected, the recovered signals in all cases
are unbiased to within <1% and typically yield distances
with a precision of 20% or better.
6. LIMITING SBF DISTANCES FOR LSST
The main result from the simulations presented in this
paper is summarized in Figure 15. This figure shows
the limiting SBF distance of 2-year LSST stacks as a
function of stellar mass. The distance where the typical
SBF distance precision is 15% is indicated by the solid
red line. The solid black line and gray region show where
it is possible to detect the galaxy via resolved stars. To
calculate this limit, we count the median number of stars
in the galaxy that are brighter than the detection limit
of ilim = 26. We require at least 30 stars to be above
the detection limit for the galaxy to be detectable (e.g.,
Koposov et al. 2008).
That individual giant stars in the lowest-mass galaxies
may be detectable out to a few Mpc does not necessar-
ily mean the distances to such objects can be robustly
measured using the tip of the RGB—a galaxy of mass
104 M will likely have fewer than ∼5 stars within 1 mag
from the tip of the RGB. Fortunately, as the left-most
panel in Figure 14 shows, SBF distances may be viable
out to ∼4 Mpc for such low-luminosity systems.
For more massive galaxies, the limiting distance for
resolving giant stars decreases with stellar mass, as in-
dicated by the dashed black line. This is due to giant
stars becoming confusion-limited with the background
of the galaxy’s mean stellar distribution. We define the
confusion limit as when the surface brightness from the
flux of a star at the tip of the RGB, spread over 30 reso-
lution elements, is equal to the mean surface brightness
of the galaxy (e.g., Olsen et al. 2003).
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Figure 15. Limiting distance as a function of stellar mass
for the SBF method and for detecting galaxies via resolved
giant stars. These limits assume data quality and depth that
are similar to what is expected for 2-year LSST stacks. The
solid red line indicates where SBF distances with a precision
15% are possible for old, metal-poor stellar populations. The
solid black line shows where at least 30 stars in the target
galaxy are brighter than ilim = 26. The dashed black line
indicates where giant stars become confusion-limited with
the background of the galaxy’s mean stellar distribution.
We assumed old SSPs in our main set of simulations
because the agreement between theory and observation
is excellent in this regime (e.g., Figure 9). SBF distances
to younger populations should in principle be feasible
out to larger distances, since at fixed stellar mass, the
fluctuation luminosity increases with decreasing SSP age
(middle panel of Figure 4). For a metal poor SSP, the
i-band fluctuation magnitude fades by ∼1.5 mag from
300 Myr to 12.6 Gyr, which corresponds to nearly a
factor of 4 decrease in the amplitude of the SBF signal.
Following the procedure presented in Section 5.2.1,
we ran a smaller set of simulations for young SSPs of
age 300 Myr. Indeed, the distance limits increase by
∼1 Mpc and ∼20 Mpc at the low-mass and high-mass
end of our mass range of interest, respectively. We do not
include these limits in Figure 15 because SBF distances
to young stellar populations are rife with systematic
uncertainty (see below). More empirical and theoretical
studies are necessary to fully understand the viability of
SBF distances to young stellar populations.
It is important to note the following caveats about our
simulation results. Dwarf galaxies are neither pure SSPs
nor perfect Se´rsic galaxies, as we have assumed in this
work. While these assumptions are reasonable approxi-
mations for dwarf elliptical galaxies, they are inconsistent
with the stellar populations and morphologies of dwarf
irregular galaxies. Additionally, star forming regions and
dust within galaxies that have recently undergone star
formation are a particularly concerning source of SBFs,
which we have not attempted to model. Finally, we have
quantified the uncertainties using the fluctuation magni-
tude offset directly, whereas in practice one must use a
theoretically or empirically calibrated fluctuation-color
relation, which currently introduces systematic uncer-
tainties on the order of ∼0.2 mag or ∼9% in distance.
This also means that our predicted uncertainties do not
include the potentially significant sampling scatter ex-
pected for ultra-faint systems.
Notwithstanding the above caveats, our simulation re-
sults suggest that the SBF method will play an essential
role in confirming and studying low-luminosity galaxies
with the next generation of wide-field imaging surveys.
LSST’s deep-wide-fast survey mode will uniformly ob-
serve at least 18,000 deg2 with similar image quality and
depth to our simulations after 2 years of data collec-
tion. At the end of its main 10-year survey, the stacked
images will be approximately 1 magnitude deeper than
the 2-year stacks. This will undoubtedly lead to larger
limiting SBF distances, but in practice, the measurement
will be more difficult because of the larger density of
background sources. Stated succinctly, LSST will deliver
SBF distances to dwarf galaxies out to .25 Mpc within
the first few years of its deep-wide-fast survey.
7. SUMMARY AND CONCLUSION
In this work, we have presented a detailed study of
the SBF method in theory and in practice using real-
istic image simulations. With an eye towards the next
generation of wide-field imaging surveys, we have placed
an emphasis on low-luminosity galaxies. Our primary
results may be summarized as follows.
1. Using the MIST isochrones, we provide new pre-
dictions for absolute fluctuation magnitudes for
single-age stellar populations in the LSST, HST,
and proposed WFRIST filter systems.
2. SBFs in very low-luminosity galaxies (M? <
106 M) have a sampling scatter of ∼0.2-1.2 mag,
depending on stellar mass and bandpass, which
is due to incomplete sampling of the stellar mass
function (Figure 8).
3. Consistent with previous work, we find that the
predictions for simple stellar populations are in
excellent agreement with the observed fluctuation-
color relation for old stellar populations with colors
g − i & 0.5 (Figure 9).
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4. For bluer and younger galaxies, composite double-
burst stellar populations provide better agreement
with the observations than single-age populations,
particularly in the color range 0.25 . g − i . 0.65
(Figure 9). This is also the color range where AGB
stars begin to dominate the SBF signal in metal
poor systems (Figure 3).
5. Based on recovered SBF distances to thousands
of mock galaxies that were injected into HSC-SSP
imaging data, LSST will provide data of sufficient
quality and depth to measure SBF distances with
precisions of ∼10-25% to galaxies in the ultra-
faint
(
104 ≤ M?/M ≤ 105
)
and low-mass classical
(≤ 107 M) regimes out to ∼4 Mpc and ∼25 Mpc,
respectively, within the first few years of its deep-
wide-fast survey (Figure 15).
While there are many systematic uncertainties (e.g.,
the isochrone-driven differences shown in Figure 6 and
the list of caveats in Section 6) that will make it difficult
(or in some cases impossible) to fully exploit the SBF
method in dwarf galaxy research, this work has shown
that we will soon have tens of thousands of square degrees
over which SBFs have the potential to play an essential
role in confirming and studying low-luminosity galaxies
in the nearby universe.
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Table 2. LSST SSP Fluctuation and Mean Stellar Magnitudes
log(Age/yr) [Fe/H] u g r i z y Mu Mg Mr Mi Mz My
8.0 -2.5 3.60 3.40 3.68 3.88 4.02 4.09 -2.00 -2.40 -2.99 -3.66 -4.08 -4.33
8.0 -2.0 3.45 3.19 3.44 3.63 3.74 3.80 -2.30 -2.80 -3.20 -3.78 -4.17 -4.41
8.0 -1.5 3.41 3.05 3.26 3.41 3.51 3.55 -2.45 -3.07 -3.24 -3.59 -3.87 -4.06
8.0 -1.0 3.48 2.99 3.09 3.18 3.22 3.23 -2.31 -3.21 -3.36 -3.63 -3.85 -4.01
8.0 -0.5 3.79 3.26 3.15 3.09 3.07 3.03 -0.75 -1.79 -2.97 -3.54 -3.85 -4.04
8.0 0.0 3.78 3.24 3.21 3.19 3.17 3.13 -0.94 -1.66 -2.53 -3.13 -3.59 -4.00
8.5 -2.5 4.44 3.94 4.10 4.22 4.29 4.31 -0.57 -1.41 -2.43 -3.25 -3.70 -3.96
8.5 -2.0 4.39 3.83 3.97 4.08 4.14 4.16 -0.65 -1.47 -2.24 -2.99 -3.42 -3.68
8.5 -1.5 4.41 3.76 3.83 3.90 3.94 3.94 -0.59 -1.60 -2.18 -2.81 -3.21 -3.45
8.5 -1.0 4.61 3.90 3.82 3.80 3.80 3.79 0.21 -1.01 -1.96 -2.60 -3.00 -3.27
8.5 -0.5 4.76 3.99 3.91 3.88 3.88 3.85 0.73 -0.36 -1.38 -2.15 -2.69 -3.09
8.5 0.0 4.95 4.11 4.07 4.07 4.06 4.01 0.78 0.00 -0.59 -1.40 -2.14 -2.85
9.0 -2.5 5.36 4.60 4.68 4.76 4.81 4.81 0.55 -0.50 -1.08 -1.72 -2.17 -2.47
9.0 -2.0 5.38 4.58 4.50 4.49 4.49 4.48 0.82 -0.38 -1.28 -1.93 -2.33 -2.58
9.0 -1.5 5.56 4.67 4.44 4.34 4.31 4.27 1.28 -0.24 -1.40 -2.03 -2.40 -2.63
9.0 -1.0 5.67 4.66 4.36 4.23 4.17 4.12 1.82 0.10 -1.21 -1.94 -2.40 -2.70
9.0 -0.5 6.01 4.91 4.61 4.47 4.40 4.34 2.51 0.71 -0.76 -1.73 -2.35 -2.76
9.0 0.0 6.38 5.23 4.88 4.74 4.67 4.59 2.82 1.38 0.31 -0.79 -1.66 -2.43
9.5 -2.5 6.67 5.81 5.65 5.59 5.58 5.56 1.44 0.19 -0.56 -0.95 -1.15 -1.25
9.5 -2.0 6.54 5.62 5.33 5.21 5.16 5.12 1.67 0.04 -1.07 -1.65 -1.97 -2.18
9.5 -1.5 6.68 5.69 5.33 5.18 5.11 5.06 2.08 0.10 -1.21 -1.83 -2.15 -2.35
9.5 -1.0 6.93 5.83 5.40 5.21 5.12 5.06 2.73 0.40 -1.00 -1.65 -2.01 -2.24
9.5 -0.5 7.33 6.09 5.55 5.32 5.20 5.12 3.48 0.93 -0.58 -1.39 -1.90 -2.25
9.5 0.0 7.94 6.50 5.88 5.58 5.41 5.28 4.28 1.72 0.29 -0.78 -1.52 -2.13
10.0 -2.5 7.17 6.29 5.98 5.83 5.77 5.73 1.45 -0.06 -0.98 -1.42 -1.63 -1.75
10.0 -2.0 7.63 6.67 6.24 6.04 5.96 5.91 2.03 0.19 -0.91 -1.45 -1.74 -1.92
10.0 -1.5 7.75 6.70 6.20 5.97 5.88 5.82 2.41 0.31 -0.90 -1.47 -1.79 -2.00
10.0 -1.0 8.06 6.85 6.27 6.02 5.90 5.83 3.02 0.61 -0.79 -1.43 -1.78 -2.01
10.0 -0.5 8.57 7.13 6.47 6.17 6.02 5.92 3.90 1.26 -0.22 -1.09 -1.63 -1.98
10.0 0.0 9.31 7.57 6.83 6.47 6.27 6.11 4.99 2.10 0.75 -0.32 -1.10 -1.81
10.1 -2.5 7.30 6.41 6.05 5.89 5.81 5.77 1.49 -0.10 -1.05 -1.50 -1.71 -1.83
10.1 -2.0 7.75 6.77 6.33 6.12 6.04 5.98 1.98 0.16 -0.93 -1.47 -1.74 -1.91
10.1 -1.5 7.98 6.91 6.39 6.16 6.06 6.00 2.45 0.33 -0.90 -1.46 -1.75 -1.94
10.1 -1.0 8.27 7.04 6.45 6.20 6.08 6.00 2.89 0.65 -0.74 -1.38 -1.74 -1.97
10.1 -0.5 8.83 7.32 6.63 6.32 6.16 6.05 3.74 1.28 -0.18 -1.05 -1.59 -1.94
10.1 0.0 9.62 7.79 7.02 6.64 6.43 6.26 3.49 2.07 0.83 -0.23 -1.02 -1.75
10.15 -2.5 7.37 6.47 6.10 5.92 5.84 5.80 1.52 -0.11 -1.08 -1.53 -1.74 -1.86
10.15 -2.0 7.82 6.82 6.38 6.17 6.08 6.03 1.96 0.15 -0.95 -1.48 -1.75 -1.92
10.15 -1.5 8.04 6.96 6.44 6.21 6.11 6.05 2.36 0.33 -0.89 -1.45 -1.75 -1.93
Table 2 continued
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Table 2 (continued)
log(Age/yr) [Fe/H] u g r i z y Mu Mg Mr Mi Mz My
10.15 -1.0 8.34 7.10 6.50 6.24 6.12 6.04 2.85 0.65 -0.75 -1.39 -1.75 -1.98
10.15 -0.5 8.99 7.48 6.79 6.48 6.31 6.21 3.85 1.36 -0.10 -0.98 -1.53 -1.88
10.15 0.0 9.77 7.88 7.09 6.70 6.48 6.31 4.92 2.16 0.84 -0.21 -1.00 -1.74
Note—MIST predictions for SSP absolute SBF magnitudes and mean magnitudes for calculating colors in the LSST
ugrizy filter system. Calculations assume the Kroupa (2001) IMF, and magnitudes are in the AB magnitude system.
Table 3. HST SSP Fluctuation and Mean Stellar Magnitudes
log(Age/yr) [Fe/H] F435W F475W F555W F606W F814W M435W M475W M555W M606W M814W
8.0 -2.5 3.35 3.42 3.57 3.68 4.12 -2.22 -2.14 -1.98 -1.85 -1.39
8.0 -2.0 3.13 3.18 3.29 3.38 3.68 -2.79 -2.80 -2.90 -3.08 -3.95
8.0 -1.5 3.01 3.05 3.14 3.21 3.45 -3.06 -3.07 -3.09 -3.17 -3.71
8.0 -1.0 2.99 2.99 3.03 3.07 3.20 -3.19 -3.21 -3.24 -3.30 -3.72
8.0 -0.5 3.32 3.26 3.21 3.17 3.08 -1.32 -1.73 -2.35 -2.74 -3.68
8.0 0.0 3.28 3.25 3.23 3.22 3.18 -1.41 -1.62 -2.03 -2.33 -3.33
8.5 -2.5 3.95 3.99 4.10 4.19 4.55 -1.02 -0.97 -0.83 -0.72 -0.33
8.5 -2.0 3.83 3.83 3.89 3.94 4.11 -1.37 -1.46 -1.73 -2.05 -3.19
8.5 -1.5 3.78 3.76 3.78 3.81 3.92 -1.50 -1.59 -1.79 -2.03 -2.99
8.5 -1.0 3.98 3.91 3.85 3.84 3.80 -0.67 -0.96 -1.41 -1.76 -2.78
8.5 -0.5 4.07 4.00 3.94 3.92 3.88 -0.03 -0.31 -0.79 -1.16 -2.40
8.5 0.0 4.18 4.11 4.08 4.08 4.07 0.08 0.02 -0.18 -0.42 -1.75
9.0 -2.5 4.72 4.67 4.66 4.67 4.74 0.00 -0.07 -0.14 -0.18 -0.32
9.0 -2.0 4.67 4.59 4.53 4.51 4.49 -0.09 -0.37 -0.83 -1.17 -2.11
9.0 -1.5 4.82 4.68 4.55 4.48 4.33 0.29 -0.21 -0.85 -1.25 -2.20
9.0 -1.0 4.84 4.67 4.50 4.42 4.21 0.70 0.14 -0.59 -1.06 -2.15
9.0 -0.5 5.11 4.94 4.76 4.67 4.44 1.32 0.79 0.04 -0.50 -2.03
9.0 0.0 5.46 5.26 5.05 4.95 4.71 1.80 1.44 0.91 0.51 -1.22
9.5 -2.5 5.76 5.64 5.53 5.48 5.38 0.63 0.30 -0.13 -0.39 -1.04
9.5 -2.0 5.79 5.63 5.47 5.39 5.18 0.61 0.09 -0.54 -0.92 -1.80
9.5 -1.5 5.90 5.71 5.51 5.40 5.15 0.82 0.18 -0.54 -0.99 -1.97
9.5 -1.0 6.10 5.87 5.61 5.48 5.17 1.21 0.49 -0.29 -0.76 -1.81
9.5 -0.5 6.42 6.13 5.82 5.65 5.26 1.79 1.03 0.19 -0.33 -1.63
9.5 0.0 6.88 6.54 6.18 5.99 5.50 2.56 1.82 1.02 0.51 -1.15
10.0 -2.5 6.84 6.65 6.45 6.34 6.07 0.72 0.28 -0.25 -0.57 -1.31
10.0 -2.0 6.93 6.70 6.46 6.32 6.00 0.80 0.25 -0.37 -0.75 -1.58
10.0 -1.5 6.99 6.73 6.44 6.29 5.93 1.03 0.39 -0.31 -0.72 -1.61
10.0 -1.0 7.19 6.89 6.55 6.37 5.97 1.43 0.70 -0.08 -0.56 -1.59
10.0 -0.5 7.54 7.18 6.80 6.59 6.10 2.12 1.36 0.54 0.02 -1.35
10.0 0.0 8.04 7.62 7.19 6.96 6.37 2.95 2.20 1.43 0.96 -0.71
10.1 -2.5 7.02 6.83 6.61 6.49 6.21 0.73 0.28 -0.26 -0.59 -1.34
Table 3 continued
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Table 3 (continued)
log(Age/yr) [Fe/H] F435W F475W F555W F606W F814W M435W M475W M555W M606W M814W
10.1 -2.0 7.03 6.80 6.55 6.41 6.09 0.74 0.21 -0.40 -0.77 -1.59
10.1 -1.5 7.21 6.95 6.65 6.49 6.12 1.05 0.40 -0.30 -0.71 -1.60
10.1 -1.0 7.40 7.09 6.75 6.56 6.15 1.45 0.74 -0.03 -0.51 -1.55
10.1 -0.5 7.75 7.37 6.97 6.75 6.24 2.12 1.38 0.58 0.06 -1.31
10.1 0.0 8.28 7.84 7.40 7.15 6.54 2.65 2.15 1.48 1.03 -0.63
10.15 -2.5 7.09 6.89 6.67 6.55 6.26 0.72 0.26 -0.28 -0.61 -1.36
10.15 -2.0 7.08 6.85 6.60 6.46 6.14 0.71 0.20 -0.41 -0.78 -1.61
10.15 -1.5 7.26 6.99 6.70 6.54 6.17 1.03 0.40 -0.29 -0.70 -1.59
10.15 -1.0 7.46 7.14 6.80 6.61 6.19 1.44 0.74 -0.04 -0.52 -1.56
10.15 -0.5 7.91 7.53 7.13 6.91 6.40 2.19 1.45 0.65 0.13 -1.25
10.15 0.0 8.38 7.94 7.48 7.23 6.60 3.00 2.26 1.51 1.04 -0.61
Note—MIST predictions for SSP absolute SBF magnitudes and mean magnitudes for calculating colors in the proposed
HST filter system. Calculations assume the Kroupa (2001) IMF, and magnitudes are in the AB magnitude system.
Table 4. WFIRST SSP Fluctuation and Mean Stellar Magnitudes
log(Age/yr) [Fe/H] R062 Z087 Y106 J129 H158 F184 MR062 MZ087 MY106 MJ129 MH158 MF184
8.0 -2.5 3.66 4.01 4.18 4.38 4.55 4.76 -2.62 -3.90 -4.20 -4.59 -6.46 -6.71
8.0 -2.0 3.43 3.73 3.88 4.07 4.22 4.42 -2.84 -3.99 -4.28 -4.68 -6.58 -6.84
8.0 -1.5 3.25 3.50 3.62 3.79 3.93 4.12 -2.88 -3.69 -3.90 -4.27 -6.17 -6.46
8.0 -1.0 3.09 3.21 3.27 3.37 3.43 3.60 -3.00 -3.68 -3.83 -4.13 -6.00 -6.30
8.0 -0.5 3.16 3.06 3.02 2.98 2.93 3.04 -2.59 -3.67 -3.89 -4.20 -6.04 -6.38
8.0 0.0 3.21 3.16 3.11 3.07 3.01 3.09 -2.15 -3.43 -3.98 -4.53 -6.57 -7.05
8.5 -2.5 4.10 4.28 4.37 4.50 4.60 4.77 -2.06 -3.52 -3.85 -4.27 -6.22 -6.51
8.5 -2.0 3.97 4.13 4.21 4.35 4.45 4.63 -1.88 -3.25 -3.57 -4.01 -5.98 -6.28
8.5 -1.5 3.83 3.93 3.98 4.09 4.17 4.34 -1.82 -3.03 -3.35 -3.81 -5.84 -6.18
8.5 -1.0 3.83 3.80 3.80 3.83 3.86 4.01 -1.59 -2.83 -3.18 -3.66 -5.74 -6.17
8.5 -0.5 3.91 3.87 3.85 3.85 3.84 3.97 -1.02 -2.53 -3.08 -3.69 -5.88 -6.39
8.5 0.0 4.07 4.05 4.00 3.98 3.95 4.04 -0.25 -2.01 -3.09 -3.98 -6.20 -6.73
9.0 -2.5 4.68 4.80 4.86 4.99 5.11 5.29 -0.73 -2.00 -2.41 -2.96 -5.19 -5.60
9.0 -2.0 4.51 4.48 4.50 4.56 4.61 4.78 -0.92 -2.15 -2.47 -2.92 -5.00 -5.37
9.0 -1.5 4.45 4.30 4.27 4.27 4.26 4.41 -1.04 -2.22 -2.51 -2.91 -4.94 -5.32
9.0 -1.0 4.38 4.17 4.11 4.07 4.01 4.13 -0.85 -2.23 -2.62 -3.11 -5.22 -5.66
9.0 -0.5 4.62 4.40 4.31 4.24 4.15 4.24 -0.44 -2.19 -2.75 -3.32 -5.46 -5.93
9.0 0.0 4.90 4.66 4.54 4.45 4.37 4.44 0.58 -1.54 -2.64 -3.45 -5.63 -6.14
9.5 -2.5 5.66 5.57 5.58 5.63 5.70 5.88 -0.19 -0.98 -1.02 -1.16 -2.80 -2.95
9.5 -2.0 5.34 5.15 5.11 5.11 5.10 5.25 -0.71 -1.80 -2.02 -2.36 -4.33 -4.68
9.5 -1.5 5.34 5.11 5.05 5.02 4.99 5.13 -0.85 -1.97 -2.18 -2.50 -4.36 -4.65
9.5 -1.0 5.41 5.12 5.03 4.96 4.89 5.01 -0.64 -1.84 -2.11 -2.49 -4.45 -4.81
9.5 -0.5 5.57 5.20 5.06 4.95 4.82 4.89 -0.25 -1.74 -2.18 -2.66 -4.71 -5.14
Table 4 continued
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Table 4 (continued)
log(Age/yr) [Fe/H] R062 Z087 Y106 J129 H158 F184 MR062 MZ087 MY106 MJ129 MH158 MF184
9.5 0.0 5.89 5.41 5.20 5.02 4.86 4.89 0.55 -1.39 -2.22 -2.86 -4.93 -5.39
10.0 -2.5 5.99 5.77 5.72 5.72 5.73 5.89 -0.61 -1.46 -1.52 -1.66 -3.31 -3.47
10.0 -2.0 6.25 5.96 5.89 5.85 5.82 5.96 -0.56 -1.57 -1.74 -2.01 -3.88 -4.16
10.0 -1.5 6.21 5.88 5.79 5.72 5.66 5.78 -0.54 -1.62 -1.84 -2.15 -4.08 -4.39
10.0 -1.0 6.28 5.90 5.78 5.68 5.58 5.68 -0.43 -1.61 -1.87 -2.24 -4.18 -4.52
10.0 -0.5 6.48 6.02 5.86 5.71 5.55 5.61 0.09 -1.47 -1.90 -2.37 -4.42 -4.86
10.0 0.0 6.84 6.26 6.00 5.80 5.61 5.63 1.01 -0.99 -1.94 -2.58 -4.65 -5.11
10.1 -2.5 6.06 5.81 5.76 5.74 5.74 5.90 -0.68 -1.54 -1.60 -1.74 -3.39 -3.55
10.1 -2.0 6.34 6.04 5.96 5.92 5.89 6.03 -0.57 -1.57 -1.72 -1.96 -3.77 -4.02
10.1 -1.5 6.41 6.06 5.97 5.91 5.84 5.97 -0.54 -1.58 -1.77 -2.05 -3.90 -4.17
10.1 -1.0 6.47 6.08 5.96 5.86 5.75 5.85 -0.39 -1.57 -1.83 -2.20 -4.14 -4.49
10.1 -0.5 6.64 6.16 5.99 5.83 5.67 5.73 0.13 -1.43 -1.87 -2.33 -4.38 -4.81
10.1 0.0 7.02 6.42 6.15 5.94 5.74 5.77 1.09 -0.91 -1.89 -2.54 -4.60 -5.07
10.15 -2.5 6.11 5.84 5.79 5.76 5.76 5.91 -0.71 -1.57 -1.63 -1.77 -3.42 -3.59
10.15 -2.0 6.39 6.08 6.01 5.96 5.93 6.07 -0.59 -1.58 -1.72 -1.96 -3.75 -3.99
10.15 -1.5 6.45 6.11 6.01 5.95 5.88 6.01 -0.53 -1.58 -1.76 -2.05 -3.89 -4.17
10.15 -1.0 6.52 6.12 6.00 5.89 5.78 5.88 -0.39 -1.58 -1.85 -2.22 -4.16 -4.50
10.15 -0.5 6.80 6.31 6.14 5.99 5.83 5.89 0.20 -1.37 -1.81 -2.28 -4.33 -4.77
10.15 0.0 7.10 6.48 6.20 5.98 5.78 5.80 1.10 -0.90 -1.89 -2.54 -4.61 -5.07
Note—MIST predictions for SSP absolute SBF magnitudes and mean magnitudes for calculating colors in the proposed WFIRST
filter system. Calculations assume the Kroupa (2001) IMF, and magnitudes are in the AB magnitude system.
REFERENCES
Abbott, T. M. C., Abdalla, F. B., Allam, S., et al. 2018,
ApJS, 239, 18
Abell, P. A., Allison, J., Anderson, S. F., et al. 2009,
arXiv:0912.0201
Aihara, H., Arimoto, N., Armstrong, R., et al. 2018, PASJ,
70, S4
Aihara, H., AlSayyad, Y., Ando, M., et al. 2019, PASJ, 71,
114
Astropy Collaboration, Robitaille, T. P., Tollerud, E. J.,
et al. 2013, A&A, 558, A33
Bahcall, J. N., & Schneider, D. P. 1988, in IAU Symposium,
Vol. 126, The Harlow-Shapley Symposium on Globular
Cluster Systems in Galaxies, ed. J. E. Grindlay & A. G. D.
Philip, 455–463
Barbary, K. 2016, The Journal of Open Source Software, 1,
doi:10.21105/joss.00058
Beaton, R. L., Bono, G., Braga, V. F., et al. 2018, SSRv,
214, 113
Bennet, P., Sand, D. J., Crnojevic´, D., et al. 2017, ApJ, 850,
109
Blakeslee, J. P., & Tonry, J. L. 1995, ApJ, 442, 579
Blakeslee, J. P., Vazdekis, A., & Ajhar, E. A. 2001, MNRAS,
320, 193
Blakeslee, J. P., Jorda´n, A., Mei, S., et al. 2009, ApJ, 694,
556
Blakeslee, J. P., Cantiello, M., Mei, S., et al. 2010, ApJ, 724,
657
Bosch, J., Armstrong, R., Bickerton, S., et al. 2018, PASJ,
70, S5
Bradley, L., Sipocz, B., Robitaille, T., et al. 2017,
astropy/photutils: v0.4, , , doi:10.5281/zenodo.1039309
Bressan, A., Marigo, P., Girardi, L., et al. 2012, MNRAS,
427, 127
Buzzoni, A. 1993, A&A, 275, 433
Cantiello, M., Blakeslee, J., Raimondo, G., Brocato, E., &
Capaccioli, M. 2007, ApJ, 668, 130
Cantiello, M., Blakeslee, J. P., Raimondo, G., et al. 2005,
ApJ, 634, 239
Cantiello, M., Raimondo, G., Brocato, E., & Capaccioli, M.
2003, AJ, 125, 2783
28 Greco et al.
Cantiello, M., Blakeslee, J. P., Ferrarese, L., et al. 2018, ApJ,
856, 126
Carlsten, S. G., Beaton, R. L., Greco, J. P., & Greene, J. E.
2019a, ApJ, 879, 13
Carlsten, S. G., Greco, J. P., Beaton, R. L., & Greene, J. E.
2019b, arXiv e-prints, arXiv:1909.07389
Choi, J., Dotter, A., Conroy, C., et al. 2016, ApJ, 823, 102
Cohen, Y., van Dokkum, P., Danieli, S., et al. 2018, ApJ,
868, 96
Conroy, C. 2013, ARA&A, 51, 393
Conroy, C., & Gunn, J. E. 2010, ApJ, 712, 833
Conroy, C., Gunn, J. E., & White, M. 2009, ApJ, 699, 486
Conroy, C., & van Dokkum, P. G. 2016, ApJ, 827, 9
Cook, B. A., Conroy, C., van Dokkum, P., & Speagle, J. S.
2019, ApJ, 876, 78
Cordier, D., Pietrinferni, A., Cassisi, S., & Salaris, M. 2007,
AJ, 133, 468
Danieli, S., van Dokkum, P., Abraham, R., et al. 2019a,
arXiv e-prints, arXiv:1910.07529
Danieli, S., van Dokkum, P., & Conroy, C. 2018, ApJ, 856,
69
Danieli, S., van Dokkum, P., Merritt, A., et al. 2017, ApJ,
837, 136
Danieli, S., Lokhorst, D., Zhang, J., et al. 2019b, arXiv
e-prints, arXiv:1910.14045
Dark Energy Survey Collaboration, Abbott, T., Abdalla,
F. B., et al. 2016, MNRAS, 460, 1270
Dotter, A. 2016, ApJS, 222, 8
Erwin, P. 2015, ApJ, 799, 226
Forbes, D. A., Read, J. I., Gieles, M., & Collins, M. L. M.
2018, MNRAS, 481, 5592
Freedman, W. L., Madore, B. F., Gibson, B. K., et al. 2001,
ApJ, 553, 47
Fukugita, M., Ichikawa, T., Gunn, J. E., et al. 1996, AJ, 111,
1748
Gonza´lez-Lo´pezlira, R. A., Bruzual-A., G., Charlot, S.,
Ballesteros-Paredes, J., & Loinard, L. 2010, MNRAS, 403,
1213
Greco, J. P., Greene, J. E., Strauss, M. A., et al. 2018, ApJ,
857, 104
Gu, M., Conroy, C., Law, D., et al. 2018, ApJ, 859, 37
Hunter, J. D. 2007, Computing In Science & Engineering, 9,
90
Ivezic´, v., Tyson, J. A., Acosta, E., et al. 2008,
arXiv:0805.2366v4
Ivezic´, Zˇ., Kahn, S. M., Tyson, J. A., et al. 2019, ApJ, 873,
111
Jacoby, G. H., Branch, D., Ciardullo, R., et al. 1992, PASP,
104, 599
Jang, I. S., Hatt, D., Beaton, R. L., et al. 2018, ApJ, 852, 60
Jensen, J. B., Blakeslee, J. P., Gibson, Z., et al. 2015, ApJ,
808, 91
Jensen, J. B., Tonry, J. L., Barris, B. J., et al. 2003, ApJ,
583, 712
Jensen, J. B., Tonry, J. L., & Luppino, G. A. 1998, ApJ,
505, 111
Jerjen, H., Freeman, K. C., & Binggeli, B. 1998, AJ, 116,
2873
—. 2000, AJ, 119, 166
Jerjen, H., Rekola, R., Takalo, L., Coleman, M., & Valtonen,
M. 2001, A&A, 380, 90
Kadowaki, J., Zaritsky, D., & Donnerstein, R. L. 2017,
ApJL, 838, L21
Karachentsev, I. D., Makarov, D. I., & Kaisina, E. I. 2013,
AJ, 145, 101
Kirby, E. N., Cohen, J. G., Guhathakurta, P., et al. 2013,
ApJ, 779, 102
Koposov, S., Belokurov, V., Evans, N. W., et al. 2008, ApJ,
686, 279
Kroupa, P. 2001, MNRAS, 322, 231
Leavitt, H. S., & Pickering, E. C. 1912, Harvard College
Observatory Circular, 173, 1
Lee, H.-c., Worthey, G., & Blakeslee, J. P. 2010a, ApJ, 710,
421
—. 2010b, ApJ, 710, 421
Lee, M. G., Freedman, W. L., & Madore, B. F. 1993, ApJ,
417, 553
Liu, M. C., Charlot, S., & Graham, J. R. 2000, ApJ, 543, 644
Liu, M. C., Graham, J. R., & Charlot, S. 2002, ApJ, 564, 216
Lupton, R., Blanton, M. R., Fekete, G., et al. 2004, PASP,
116, 133
Madore, B. F., & Freedman, W. L. 1995, AJ, 109, 1645
Mart´ınez-Delgado, D., Grebel, E. K., Javanmardi, B., et al.
2018, A&A, 620, A126
McQuinn, K. B. W., Skillman, E. D., Cannon, J. M., et al.
2010, ApJ, 724, 49
Mei, S., Quinn, P. J., & Silva, D. R. 2001, A&A, 371, 779
Mei, S., Blakeslee, J. P., Tonry, J. L., et al. 2005, ApJS, 156,
113
Mieske, S., Hilker, M., & Infante, L. 2003, A&A, 403, 43
Mitzkus, M., Walcher, C. J., Roth, M. M., et al. 2018,
MNRAS, 480, 629
Moffat, A. F. J. 1969, A&A, 3, 455
Mu¨ller, O., Jerjen, H., & Binggeli, B. 2017, A&A, 597, A7
Ohio Supercomputer Center. 1987, Ohio Supercomputer
Center, ,
Oke, J. B., & Gunn, J. E. 1983, ApJ, 266, 713
Olsen, K. A. G., Blum, R. D., & Rigaut, F. 2003, AJ, 126,
452
Paxton, B., Bildsten, L., Dotter, A., et al. 2011, ApJS, 192, 3
sbf distances to low-luminosity galaxies 29
Paxton, B., Cantiello, M., Arras, P., et al. 2013, ApJS, 208, 4
Paxton, B., Marchant, P., Schwab, J., et al. 2015, ApJS, 220,
15
Pietrinferni, A., Cassisi, S., Salaris, M., & Castelli, F. 2004,
ApJ, 612, 168
Price-Whelan, A. M., & Foreman-Mackey, D. 2017, The
Journal of Open Source Software, 2,
doi:10.21105/joss.00357
Prole, D. J., van der Burg, R. F. J., Hilker, M., & Davies,
J. I. 2019, arXiv e-prints, arXiv:1910.14057
Raimondo, G. 2009, ApJ, 700, 1247
Raimondo, G., Brocato, E., Cantiello, M., & Capaccioli, M.
2005, AJ, 130, 2625
Rekola, R., Jerjen, H., & Flynn, C. 2005, A&A, 437, 823
Se´rsic, J. L. 1968, Atlas de galaxias australes
Spergel, D., Gehrels, N., Baltay, C., et al. 2015, arXiv
e-prints, arXiv:1503.03757
Tonry, J., & Schneider, D. P. 1988, AJ, 96, 807
Tonry, J. L. 1991, ApJL, 373, L1
Tonry, J. L., Ajhar, E. A., & Luppino, G. A. 1989, ApJL,
346, L57
—. 1990a, AJ, 100, 1416
—. 1990b, AJ, 100, 1416
Tonry, J. L., Blakeslee, J. P., Ajhar, E. A., & Dressler, A.
1997, ApJ, 475, 399
Tonry, J. L., Dressler, A., Blakeslee, J. P., et al. 2001, ApJ,
546, 681
Trujillo, I., Aguerri, J. A. L., Cepa, J., & Gutie´rrez, C. M.
2001, MNRAS, 328, 977
Trujillo, I., Beasley, M. A., Borlaff, A., et al. 2019, MNRAS,
486, 1192
Van der Walt, S., Colbert, S. C., & Varoquaux, G. 2011,
Computing in Science & Engineering, 13, 22
van Dokkum, P., Danieli, S., Cohen, Y., Romanowsky, A. J.,
& Conroy, C. 2018, ApJL, 864, L18
van Dokkum, P., Wasserman, A., Danieli, S., et al. 2019,
ApJ, 880, 91
van Dokkum, P. G., & Conroy, C. 2014, ApJ, 797, 56
van Dokkum, P. G., Romanowsky, A. J., Abraham, R., et al.
2015, ApJL, 804, L26
Weisz, D. R., Dolphin, A. E., Skillman, E. D., et al. 2014,
ApJ, 789, 147
Weisz, D. R., Dalcanton, J. J., Williams, B. F., et al. 2011,
ApJ, 739, 5
Worthey, G. 1993, ApJ, 409, 530
Zaritsky, D., Donnerstein, R., Dey, A., et al. 2019, ApJS,
240, 1
